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This manual corresponds to the March, 1978, version 
of Ptolemy. Many important additions and improvements 
have been made to Ptolemy since the previously-documented 
version of February 1976. An indication of this is that 
the list of keywords has been expanded by thirty. 
Collective-model inelastic excitation has been added. 
The computation of the transfer DWBA amplitudes has been 
significantly improved by the use of interpolation in the 
Ei+Ro variable. Elastic scattering and reactions 
involving identical particles may now be computed. 
Simultaneous optical model fits to several different 
elastic channels are possible. Significant changes to 
this manual are marked with a vertical bar (|) in the 
left margin and should be carefully reviewed. In addi­
tion the contents of the manual have been extensively 
re-ordered. 

Ptolemy is still under development and it may be 
expected that some of the specifications given in this 
manual will change from time to time without warning. 
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ABSTRACT 

Ptolemy is an IBM/360 program for the 
computation of nuclear elastic and direct-
reaction cross sections. It carries out opti­
cal-model fits to elastic-scattering data at 
one or more energies and for one or more combi­
nations of projectile and target, collective 
model DWEA calculations of excitation proc­
esses, and finite-range DWBA calculations of 
nucleon-transfer reactions. It is fast and 
does not require larqe amounts of core. The 
input is exceptionally flexable and easy to 
use. This report outlines the types of calcu­
lations that Ptolemy can carry out, summarizes 
the formulas used, and gives a detailed 
descripton of its input. 

IV 



I - Introduction 

Ptolemy is a program for fitting optical-model P^^^^^^^^^,^° 
elastic scattering data, and for the computation of the Distorted 

wave Born Approximation to nuclear <^^^^^^-^^^^^^°^. J^P^^'^^^^he 
Either the collective-model DWBA for inelastic excitation or the 
finite-range DWBA for transfer reactions may be computed. No use 
is made of^pproximations that rely on the short range of nuclear 
interactions (e.3. zero-range and no-recoil approximations). 
Ptolemy is spicifically designed for heavy i^J. ̂ ^-^^^^^^Jf,,^^ , , 
nonetheless very efficient for light ion J^^^^^"^^- / J ^ ^ f ^^^^i°J. 
Ptolemy over other DWBA codes include high speed, low core require 

ments, and ease of use. 

Ptolemy derives its speed and compactness from several design 

features: 

1) substantial effort has been put into the J^^^l^P^f ̂  °J 
the subroutine that picks the three-dimensional ^^^^9^^^^°^J^J^ 
that is used in the DWBA transfer calculations. This subroutine 
makes use of the bound state form factor and the properties of the 
scattering wavefunctions. This efficiently chosen integration grid 
results in the need for relatively small numbers of -tegration 
points; as an example, a grid consisting of 24 X 10 X ^ p o i n t s 
will give accuracies of 1 or 2 percent for many heavy-ion reactions 
at moderate energies. 

2) in high-energy heavy-ion DWBA transfer calculations, the 
scattering wails osciflate rlpidly while the form ^ ^ f °^ '^^^J^ 
slowly. Sowever the computation of the form factor ^^ the most 
time consuming aspect of the calculation. Therefore the form 
factor is computed on a coarse grid and interpolated to the finer 
arid needed for the integrals involving the scattering waves. This 
interpolation results in'a reduction in the total computer time by 
a factor of two to five in typical heavy-ion calculations. 

3) interpolation and extrapolation in L-space is used to 
reduce the number of radial integrals that must oe computed. 
Tnfprnnlation is achieved by fitting a continued fraction to the 
computed values! ^hile the Lponential form of the radial integrals 
for la?ge L is used for extrapolation. For Oxygen on Lead reac-
tiontra time savings of 80% is realized by this method. 

4) The two inner loops of the radial integral computation for 
transfer reactions have been coded in assembly ^^^juage that is 
soecifically designed for the special features of the 370/195. 
?hese loops function some three times faster than the equivalent 
Fortran-generated code. 

5) The calculation of the angular transforms in transfer 
reactions has been implemented using cosines instead of spherical 
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harmonics. This approach avoids the large numerical ?f^^^^•'•Jethods 
that occur in the more conventional Legendre decomposition ^ 
if the exchanged orbital angular momentum is ^^^l^tivly laty |̂ _̂ ^̂ ^ 
specially designed in-line cosine routine and iterative ev 
of cosines are used to reduce the cosine computation time. 

6) The coulomb terms of the inelastic ^^^it^tion amplitudes 
are computed using recursion relations in L. The ^tarting 
for the recursion relations are generated using Belling_s^asymp^ 

ns 

angular momentum or radial cut-offs. 

7) The optical-model potential fitting part of Ptolemy uses 
state-of-the-art minimization routines that make specific use of 
the sum of squares property of the function (chi-squared) being 
minimized. The gradients required by these mmimizers are computed 
analytically. 

8) The computation of the transfer amplitudes has been 
factored into segments in such a way that the recomputation of the 
same quantities is held to a reasonable (although not absolute) 
minimum without the need for extremely large tables. Scratch files 
are not used in any part of the program. 

9) Ptolemy has been overlaid to about 18% of its unoverlaid 
size. Nonetheless, overlay thrashing is not excessive and is inde­
pendent of the size of the calculation. The overlay processing 
adds an estimated three seconds to a complete calculation. 

10) All arrays used in a Ptolemy calculation are stored in a 
section of core referred to as the allocator. This allocator is 
obtained at the start of the job from the available core in the 
region specified on the user's JOB card. Space in the allocator is 
reused when the data contained in it is no longer needed. Since 
the allocator size can change from job to job, small calculations 
may be carried out in small regions while larger calculations are 
possible without the recompilation of any part of Ptolemy. 

The result of these and other features is a very fast program 
for the finite-range DWBA. The 20epb{i6o,is^)20931 (7/2") reaction 
including both L transfers at 104 MeV requires only 17 seconds (on 
the IBM 370/195) and 220K of core. Further time savings may be 
realized by storing the form factor integrals in a dataset for use 
in subsequent calculations with different optical potentials. Most 
inelastic excitation calculations require less than one minute of 
370/195 cpu time. 

In addition to its great speed, Ptolemy provides_the user with 
an especially simple form of input. The input is designed to be 
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flexible, tolerant of minor syntactical variations, concise and 
easy to remember. Extensive checking of the ^JP^^ is carried out 
in an effort to allow the same problem to be stated in a variety of 
ways and to eliminate the chance of calculations being made with 
undefined or otherwise unexpected parameters. ^"tt^e 5°11°^J"| 
sections it will become evident that many quantities may be defined 
in more than one way. Often there will be the possibility of a 
direct specification of a parameter that can also be determined by 
Ptolemy from other input. In most cases if the user explicitly 
specifies the value, Ptolemy will not use the indirectly specified 
value nor will it check the two values for consistency. Therefore 
one should avoid needless duplication of input so that ^^J^^^ertant 
inconsistencies do not occur. An example would be the specifica 
tion of Q after the bound state calculations — the new value of Q 
would be used in determining the outgoing state scattering energy 
even though it might be inconsistent with the difference of the 
bound state energies. (In this case a warning message would be 
printed.) 

Provision is made for keeping final results (radial integrals, 
elastic S-matrix elements, differential cross sections, etc.) in a 
form suitable for subsequent processing with Speakeasy*. Thi. is 
particulary useful for the production of graphs showing the results 
of one or more DWBA calculations. In addition one may use the 
extensive facilities of Speakeasy to manipulate cross sections or 
radial integrals interactively. 

in addition to the computation of DWBA cross sections, Ptolemy 
can also be used to fit optical potentials to elastic scattering 
data. The specification of the parameters to be varied is both 
simple and flexable; the user does not need to write a subroutine 
for each fit to be made. The method of entering data is quite 
general; if the user's data is already punched on cards for a 
different fitter, he will probably not need to ^epunch ^t for 
Ptolemy. Fits to data at several energies may be made, and several 
keywords are provided to give the optical potential a dependance on 
the scattering energy. The user is given a choice of six different 
minimum-search programs including four that use analytically 
computed gradients! Two of the latter fitters work exceptionally 
well and 12-parameter fits to i^o+^oepb data at five different 
energies may be made in less than a minute of /195 time. 

in the next section we present the formulas used in Ptolemy. 
The syntax used in Ptolemy's input is described in Sec. III. Sec. 
IV describes elastic-scattering and bound-state calculations and 
contains basic material (such as potential definitions) that is 
used in the subsequent sections. The next three sections (V, VI, 
and VII) discuss optical model fits, inelastic excitation, and 

S Cohen and S. C. Pieper, "The Speakeasy-3 Reference Manual," 
Argonne National Laboratory Report ANL-8000 (1977). 
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perform functions auxilary to the calculational functions. 
Appendix A contains a complete list of Ptolemy keywords and tneir 
default values. Appendix B provides core and run time estimates. 
Appendix C shows the JCL needed to use Ptolemy and Appendix D 
contains the complete input decks for some sample jobs. 

This manual does not enumerate all possible variants and 

input"can''be"inferred~directiy from the examples given in Appendix 
D, to which the tyro is referred. The only aspect of the input 
that is not clear upon inspection of these examples is the use of 
the PARAMETERSET keyword which is discussed on page 40. 



II - Summary of Formulas 

This chapter contains a summary of the formulas used in Ptolemy 

for evaluating elastic, inelastic and transfer cross sections. Since all of 

the formulas are standard, no attempt is made to present deriviations. 

A - Two-body Channels 

We will consider two particles (nuclei) referred to as the "projectile" 

(subscript p) and the "target" (subscript t). For scattering states these 

designations will have their customary meanings, while for bound states the only 

distinction is that the spin of the projectile determines the spin-orbit force. 

The reduced mass is 
M M^ 

M = P ^ M (II-l) 
M +M^ p t 

where M and M are the atomic weights of the two nuclei and M is the atomic 
P t 

mass unit [Eq. (11.100)]. 

1. Bound States 

The Schrodinger equation for bound states may be written as 

r_ ̂  d_ 2 ̂  ^ iq+l) ^ 2M ^(^) ̂  2̂ ^ ^^^^ ^ 0̂  (XI.2) 
^ 2 dr dr 2 2 

r r n 

K = /- 2 M E /h (IT-3) 

and E is the (negative) energy of the bound state. For large r, Mr) tends to 

a Whittaker function: 

Where N is a normalization constant and n is the Sommerfeld parameter for the 

bound state: 

n = Z Z a M c/ (h K) . (II.5) 
P t 

The relevant combinations of the fine-structure constant a, the speed 

of light c, and the Planck constant h are given in Eqs. (11.99) - (11.101). The 
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bound-state wave function is real and normalized such that 

CO 

/ dr r^ [<j)(r)] = 1 . (II.6) 
o 

2 
The sign of (})(r) follows the conventions of Meyer and Jensen, namely !))(r) is 

positive for small r. 

2. Scattering States 

The Schrodinger equation for scattering states is written as 

[ _ dL+ A(|±ll + ^ v(r) - k̂ ] f̂ (r) , (II.7) 
dr r h 

where the wave number is 

k = /2 M E /h (II.8) 

with E the center-of-mass scattering energy. If the potential contains a spin-

orbit component, the f should also contain a label for the total projectile 

angular momentum; we will for the moment suppress this label. The scattering 

wavefunctions are normalized such that 

fĵ (r) -y Js[(l + S^)F^(n,kr) + i (l-Sj^)Gj^(n,kr)] , (II.9) 
xr-K» 

where F and G are the regular and irregular Coulomb wavefunctions and n 

is the Sommerfeld parameter: 

n = Z Z^ a M c/(h k), (11.10) 

= Z Z a '^^^"^ 
p t V 2 E . (11.11) 

The elastic scattering S-matrix element S is defined by Eq. (II.9). 

If there are no spin-dependent forces and if the particles are not 

identical, the elastic scattering cross section is given by 

f = IF (6)1' . (11.12) 

If the particles are identical, but there are no spin-dependent forces, the 

cross section is 
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da^ |p±(e)|2T _!£^[lF^e)|'- IF'O)!'] (I^-^^) 

P 

where the upper signs are for Bose statistics and the lower signs are for 

Fermi statistics. Here S^ is the spin of the particles. Finally, for a spin-^s 

projectile interacting with a spinless target via a spin-orbit force, the 

spin-averaged cross section is 

f = |F(e)|'.lB(e)l' . ^^'-''^ 

We do not consider more complicated systems with spin-dependent forces. 

The amplitudes in the above equations are sums of Rutherford and 

nuclear components, 

F(e) = F̂ (e) +F^(e) , ^̂ -̂̂ ^̂  

, 2i[a^-nln sin%9] 

F (6)= • 2 ^ 
^ 2k[sinJse] 

P j'-jj 

F-(e) = F(e) ± F(^-e) , (11.18) 

and 

,̂oN _ J_ r rs - S ,] e S ,(cos 6) . (11.19) 
^(®^ - Yik I f̂ il,£+i2 ^Jl,^-V ^ £,1' 

Here S is the spin of the projectile and the S-matrix elements have been labeled 

with both I and j to allow for a spin-orbit interaction. If there is no spin-orbit 

force, one has 

P J 

The Coulomb phase shifts are 

a = Arg r (£+1 +iri) , (11-21) 
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and the conventions of Ref. 1 are used for the Legendre functions P̂ ^̂ .̂ m 

the Rutherford amplitude (11.16) an alternative form is given by the replacement 

n (11.22) 
^ = Z Z^ a h c/(4E) . 
2k P t 

The total reaction cross sections are given by 

Vac= ^ ^ ^ («.l, <I-IS,./) 
^̂ '̂̂  k^(2 S +1) 1,3 

for non-identical particles and by 

2TT 
a 
^^^^ k^(2 S +1) 

Is I (21+1) (l-|Sĵ |̂ ) 

1 + E (2£+l) (l-|sj') 5- (11.24) 
I even 
or odd 

for identical particles. Here the second sum is over even partial waves for 

Bose statistics and over odd partial waves for Fermi statistics. 

One can define a "nuclear total cross section" 

a^ = ^ ImF ro) (11-25) 
Nuc k N 

for non-identical particles, and 

a ^ ^ r ^ [2 S Im 7(0) + Im F̂ , *(0)] (11.26) 
Nuc k(2 S +1) ^ p ^ N 

for identical particles. If there is no Coulomb force, these quantities are 

just the total cross sections: 

Nuc el Reac 

where a , is the integral over angles of the elastic cross section. Schwarzschild 
el 

et. al.-̂  have discussed the significance of a in the presence of a Coulomb 
force; for heavy-ion scattering a is usually quite small. 
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B - Inelastic Excitation 

We consider the inelastic excitation process 

A(a,b) B (11.28) 

with either 

for target excitation or 

b = a 
* 

B = A 

* 
b = a 

(11.29) 

B = A 

for projectile excitation. 

The outgoing kinetic energy in the cm. system is 

(11.30) 

E = E. + Q (11-31) 
out 1 

where E. is the incoming cm. energy and the Q value is given by 
1 

Q = E, + E - E^ - E (11.32) 
' A a B b 

where the E, are the total energies (in MeV) of the nuclear states involved: 
k 

or 

\ = ̂g ̂ \'V -̂  A • '̂'-''̂  
Z , N are the numbers of nucleons in the nuclear state k, i\^)]^ is the ground-

state mass excess of the nucleus with Z^ protons and N^ neutrons and E ̂  is the 

excitation energy if state k is excited. Eg(Zĵ ,N̂ ) is the total ground-state 

energy (or mass x c ) of the nucleus (Z^, N^). 

Ptolemy evaluates the inelastic cross sections in DWBA using collective-

model form factors for the nuclear part of the excitation. The distorted waves are 

the solution of Eq. (II.7) with the normalization of Eq. (II.9). These distorted waves 

must, of course, be separately evaluated in the incoming [a+A] and outgoing [b+B] channels. 

1. Differential Cross Section 

The differential cross section at a cm. scattering angle 6 for the 

excitation process is written as 
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da ^ 1 ^ R , | G / (6)1' , (^^-35) 

d^ ^i ^out h L M \ 

where R is a spin-statistical factor: 

2J + 1 
R = ° (projectile excitation), 
^ 2J + 1 

a 

B /-«-.,v-,>Q<- ovr-1 rat-Tnn'i . (11.36) 

2J, + 1 
A 

(target excitation) 

Here k and k are the wave numbers (Eq. II.8) in the incoming and outgoing 
i out c u f 

channels and J , J^, J, and J^ are the intrinsic angular momenta of the four 
a D A jj 

nuclei. The multipolarity of the transition is labeled by L^. 

The multipole transition amplitude may be decomposed into a term 

reflecting the amount of deformation and a geometric term: 

G / (6) = A^ B / (G) . (IT-37) 
X X X 

2. Geometrical Component and Effective Interactions 

The "geometrical" component is 

L L L ^,L ,L. 
„ X /T- . X „ out' x' 1 
B = /4TT 1 E C ,, r, 
M T T M ,-M ,0 
X L. L ^ x' x' 

1 out 

1 out X X 

L ,L2,L 
where Y (e,(j)) is a spherical harmonic and C M ^^ ^ Clebsch-Gordan coefficient, 

both defined according to Condon-Shortley conventions. 

The radial integrals are given by 

/2L +1 L ^,L ,L^ i(a.+a ) 
/ out I out X ii 1 out 

^L.,L .L " V T̂̂  0' 0' 0 •• 1 out X * 

X / f^ (r) H^ (r) f^ (r) dr . (11.39) 
o i X out 
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The symbols a and a designate the Coulomb phase shifts a (T] ) and o^ ("̂ out̂  
•̂  1 out i , T put 

respectively. The effective interaction H contains both nuclear and electric 

Coulomb contributions: 

H. L (̂> = \ .N(^> -̂  ̂ L ,C 
X x' X 

(r) (11.40) 

The nuclear component of the effective interaction is 

/ N d V^(r) 

H^ ,̂ (,) = _ - - [R. i ^ + IR- - 3 ^ ] . X 

L ,N 
X 

dr 
(11.41) 

where V and V are the real and imaginary parts of an optical potential. The 

radii R' and Rl are the radii of the excited nucleus; specifically, 

,1/3 

,1/3 

R' = 

R : = r 

'^O^' 
(11.42) 

10 

where A' = A for target excitation. A' = a for projectile excitation. The 

nuclear deformation parameter is 3^ so that R'g^ and R^ ĝ  are the deformation 

lengths. We have normalized the effective interaction to the average of the 

nuclear and Coulomb deformation parameters: 

. = h (3^ + ê  ĉ) • 
X X x' 

(11.43) 

The Coulomb part of the effective interaction is derived from the 

multipole expansion of the potential between a point charge and a uniformly 

charged sphere. x-

H (r) 
L ,C 
x 

- ^C 2L +1 
6 X 

R 
L +2 
X 

R 
L -1 
X 

L +1 
X 

r < R 

r > R, (11.44) 
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where Z^ and Z^ are the atomic numbers of the two nuclei. Note the distinction 

between the Coulomb radius of the excited nucleus: 

A'1/3 (11.45) 

\ ~ ""GO ̂  
and the Coulomb radius of the optical potential: 

. 1/3 , ,1/3 (11.46) 

The Coulomb deformation parameter B^ ^ ^' ^̂ ^̂ '̂ '̂̂  '° '^^ "'^''"'^ transition 
x' 

rate B(E,L ,f) by 

B(E,L̂ ,i) = Z'"""^^\l S(E,L̂ ,0 , 
^ ^initial 

^ ' \ -no (2Jf 1 + 1) 
[32 C ^e -12 ̂ 1 ^ final (11.^7) 

= [47 To- \,CJ (2Ji,i,i,i+l)(2Vl) 
L 

where B(E,L^,f) is given in units of e barn "" and R̂^ is in fm. The B^^^^ GO 

defined can be related to a nuclear deformation only for 0 ground states; however 

Ptolemy correctly computes the Coulomb excitation from other ground states if the 

B(E,L ,+) is given. 

3. Strength of Effective Interaction 

The strength constant in Eq. (11.37) is given by 

Â  = 3^ / /^i:^ , (11.48) 

X X 

where ^ is defined in Eq. (11.43). 
L 
X 

C - Transfer Reactions 

Ptolemy computes amplitudes and cross sections of nucleon-transfer 

reactions 

A (a,b) B (I^-^5) 

using the full distorted-wave Born approximation (DWBA), without further 

approximations based on the short range of nuclear Interactions. In the Incoming 

channel (A,a), A is the target and a is the projectile; in the outgoing channel 

(B,b), B is the residual nucleus and b the ejectile. A, a, B, b will be used 

both as identifiers of the nuclear states involved and as symbols for the total 

numbers of nucleons. The group of nucleons transferred (or the number of 

transferred nucleons) will be denoted by x. 
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1. Possible Reactions 

(i) If a > b, the reaction (11.49) is a stripping reaction. 

a.(t+x) ^ 

-> 
B (/̂  + x) 

a = b + X 
(stripping) 

B = A + X (11.50) 

(ii) If a < b, the reaction (11.49) is a pick-up reaction. 

a 
/, (a + x) 

•^ — V --y^ 

• T ^ ^ 

A (B + x) e 

b = a + X 
(pick-up) 

A = B + X (11.51) 

2. Two-Body States 

Calculation of the transfer cross sections involves the combination of 

four elements—the scattering wave functions in incoming (i) and outgoing (out) 

channels and bound-state wave functions representing the composite nucleus at 

each reaction vertex. The vertex involving A, B and x will be referred to as 

the target vertex and the corresponding bound state as the target bound state; 

the vertex involving a, b and x will be referred to as the projectile vertex and 
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the corresponding bound state the projectile bound state. 

The kinetic energies in the Incoming and outgoing channels are 

related by Eqs. (II.31)-(II.34) and the elastic scattering distorted waves for 

these two channels are found using Eqs. (II.7)-(II.9); the radial variable xn 

these equations is the position vector of the mass center of a (or b) relative 

to the mass center of A (or B). We will also need elastic scattering wave-

functions in incoming and outgoing channels. 

x ^ l . ?,) = 
4lT 

k.r. 
1 1 

L. 
1 "f L,(^i) 

L. . L . 
Y ^(r^)-Y (k^) (11.52) 

and 

fx' (^ut'^out^" 

4Tr 

out out 

L ^ 
. out^ 
1 IT 

out 
out _ 

"y'^OUt; ).yOUt(^ 

out out 
(11.53) 

Consider next the interaction vertices. 

(1) The Target Vertex: t = (x,C^) 

H, C, 

Let C denote the core nucleus and H the composite (heavier) nucleus at the 

target vertex 

C = B (pick-up) H = A (pick-up) 

= A (stripping) = B (stripping) . (11.54) 

In either case vertex t is regarded as the break-up of the bound state H^ into 

its constituents 

H. — -> C^ + X (11.55) 
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The radial variable associated with this break-up is 

^ = "̂ Ĉ x = ̂ Bx̂ Pî '̂ -̂ P̂  

= r (stripping) . (11.56) 

Introduce a complete set of states 

$ V (^) = K ? (^) \ (^) "̂'"̂  
m t n X, t m t 

describing the bound-state wave-function of x and C . Here (i) ±s the bound-

state radial wavefunctlon defined in Eqs. (II.2 to II.4). Let the transferred 

nucleons have intrinsic spin J and Internal quantum numbers x. The particles 
X 

emitted (or absorbed) at vertex t are described in terms of the functions 

[$ t t(-^) , $"'̂ x(p̂ )J ^' . (11.58) 

xJ where $ x represents the Intrinsic structure of x. 

The break-up of the internal wave function of H into C + x is to 

be described in terms of shell-model wave functions. This is characterized 

by a spectroscopic amplitude e(n £. ,xJ , J ; H ,C ) defined below[Eqs. (11.96) 

and (11.97)]. The coupling schemes for the angular momenta at vertex t are 

t + J = t (11-59) 
t X t 

J(t) + Ĵ  = J (H^) (11.60) 

Equation (11.50) defines the total angular momentum J transferred at vertex 

t; Eq. (11.57) specifies how J is divided into orbital and intrinsic components. 

(ii) Projectile Vertex: p = (̂ '̂ p) 

Hp Co 

Also used for the number of transferred nucleons, 
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of the target vertex, C denotes core, H^ composite 
As in the treatment of the target VCLUC^, ^^ 

(heavier) nucleus. 

Cp = a (pick-up) Hp = b (pick-up) ^^^_^^^ 

= b (stripping) = a (stripping). 

Thus the vertex p describes the break-up of the bound state H^ into its 

constituents 

H ^ C + x . (11-62) 
P P 

The radial variable is 

r = r., = r (pick-up) 
p C X ax 

^ = ? (stripping) . (II-") 
bx 

The equations describing the state of the particles emitted (or absorbed) 

at p are obvious analogs of Eqs. (11.57) and (11.58).^ The equations anaigous 

to Eqs. (11.59) and (11.60) for the angular momentum Ĵ  transferred at vertex 

p are: 

p X p 

J(C ) + J = J (H ) (11-65) 
p P P 

3. Vector Transformation between Bound-State and Scattering Variables 

Ignoring for the moment the Internal structure of the nuclear states 

C and C the transfer reactions under consideration are (x+2)-body processes 
P t' 
the "bodies" are the two cores and the x transferred nucleons. Now let the 

effective Interaction that induces transfer be taken to be a function of the 

bound-state variables r ,? only; i.e., it is independent of the internal 
P t 

coordinates p of x, dependent only on the position of the mass center of the 
X 

X transferred nucleons. The (x+2)-body process now becomes a 3-body process 

(C , C and x). 
P t 

The natural variables for this 3-body problem are the position vectors 

of C , C and x relative to an origin fixed in space. In order to separate the 
P t 

center-of-mass motion, introduce as Independent variables the cm. position 

vector R and two (any two) of the relative variables r^, r̂ ^̂ ., r^, r̂ . Ptolemy 

uses the scattering variables (r.,r J as integration variables. The Jacobian 
1 out 
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of the transformation 

IS 

t p 

J = a 
(11.67) 

H H 
where a = 

(C +C +x)x 
P t 

and is included in the expression (11.68) for the transformation function H. 

With r̂  , r as independent variables, angular-momentum functions of 
1' out '̂  _̂  _̂  

r ,r must be expressed in terms of r., r ^. This involves evaluation of 
p t n K n I 1 out 
the coefficients H,^^ ^ ^ (r.,r J of the vector transformation 

L.L L 1 out 
i o u t X 

-' KI (^) ^eff KI ^ > r (^^ ^ ^''^^p^ 
t t p p 

, ,L.+L +1 -l^. n^S,^n Si f l . 
(-)• '< . ou t p t ) , ^ t ^ t p^p (^^^^^^^, ^ 1 ( , ^ ) 

L 1 o u t X ^ 

Lx 

Mx 

_, Lx 
L ^ . 

„ o u t , ^ 
T ( \"^^ ^ '' " ' if " " '̂  ' ( r , r ) |Y ^.r . ; x Y (.r ) 
^ '.--' " T T T. ^ 1 ' niif^ I 1 o u t 
i "out 

(11.68) 
Mx 

of the bound-state product into spherical harmonics of the independent variables 

r.,r . Here V is the effective interaction that induces the transition. 

It will be defined below [Eqs. (11.85) and (11.86)]; all that is of consequence 

here is that V depends only on the radial variables. ^(r^,r^^^) is referred 

to as the bound-state form factor. The strange phase factor in Eq. (11.68) is 

introduced to give the phase of the radial integrals I^ L L ^^^' d^-^^)] 

the following two desirable^f ea;̂ uress for large values o\ L°"and^L^^^ [suppressing 
1 out , i out , 

for the moment the factor e J: 

1) The phase does not change by ir every time L^ and L^^^ change 

by unity. 

2) For most reactions, the phase tends to 0 from above as both 

L. and L increase. 
1 out 
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4. Calculation of Bound-State Form Factor 

The procedure for computation of the form factor ff in Eq. (11.68) 

that of Ballan and Brezln.^ First, r^ and r^ must be expressed in terms of 
- > • - > • 

r. and r 
1 out 

(11.69) 

To identify the constants s., t^ consider the plane triangle whose vertices 

are the three basic particles C^, C and x. 

H and H are at the mass centers of (C^, x) and (C , x). The vectors r and 
^t p t p 1 
r have different Identifications for pickup and stripping: 
out 

r = r = r 
^1 Aa H C 

t P 

out 
= r 

Bb C H 
t P 

pick-up (11.70) 

i Aa 
= r 

C H 
t P 

= r = r 
out Bb H C 

t P J 

stripping (11.71) 
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Pick-up Stripping 

Then with a defined by Eq. (11.67) and 

Y = 

C 
6 = (11.72) 

"l h 

"2 ^2 

a 

= a 

- Y 

- 1 

' l 

J 

1 

6 

-Y 

- 1 , 

(pick-up) 

( s t r i p p i n g ) 

(11.73) 

The bound-state form factor is then given by 

n i!, n £ - 5 1 
H.\ P / (r., r J = a3 ^ dx 
L.L L 1 out , 
1 out X --L 

^̂ 2̂ \Vî ut̂ -̂ "̂  k^/^^^3 \ff *n.K«^ 
'- t t P P 

(11.74) 

where 

X = cos d) = r. -r 
^ 1 out 

(11.75) 

and r , r are functions of x through 
t P 
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2 2 , 2 2 
r^(x) = [s^ r. + t^ r^^^ + 2s^t^r.r^^^x] , 

(11.76) 

rp(x) = [ s ^ V + ^2'^out' ^ ^s^t^r.r^^.x]-^ 

The angular factor A in Eq. (11.74) is: 

.,,,,., ,.,.,.. i<.;^<'-out-i«p-s>[av'H-=u.-><".-><"p->'' 
12 t p 1 out X I 

I , £ , Lx . /L . , L ^ , Lx 
t p \ / 1 out 

m,M -m,-M'^y,M -y,-M ' x 
M ym ' X ' X '̂' X x 
X 

X cos [m(j) + (M -m)(l) -yt}"] , 
t X p 

V M . % C \ ' V-y 
i . out 

X 

(11.77) 

where ( ) are 3j-symbols, (J) is defined by Eq. (11.75), and 

= (-) cos 
•1 / ^ , , ,5 -1 r ^ ^ i " + h^ou t 

(^- ^out̂  = -̂̂  ^°^ L ^t . 

h = (-) cos (r -r ) = (-) cos •̂ p p out 

r s „ r . X + t „ r ^ •1 2 1 2 out 

L ^p 

(11.78) 

In the above 6 and cos are between 0 and IT and 

(-) = -1 (pick-up) , 

= +1 (stripping) (11.79) 

Finally, 

A = 0 if k±q is odd , 
q 
, , k+q [(k+q) ! (k-q) ! ] ^ . . , _, . 

= (-) ^7-^ '- 2 — if k±q IS even. 
2 2^^+!), (k-i^. (11.80) 

5. DWBA Amplitude and Effective Interaction 

The transfer amplitude in DWBA has the form 

T (k. ^ k J 1 out 

+ ,i^ -^ 
= J / / d-^r.d^r [x~(k , , r J ] <B,b|v |A,a> x ( k . , r ) (11.81) 

•'•* 1 out out out e i^ 
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where <V ^> denotes a matrix element with respect to all internal core 

coordinates; <V ^^> is a function of r^ and r^. The transition operator V --
err t p t^J-j-

is the part of the sum of two-body interactions between constituents of the 

colliding species in either channel that is not contained in the optical 

potential in that channel. According to Eqs. (11.70) and (11.71): 

êff =. I \ îj - Vt^^C H ) . 
leC leH -̂  '̂  P t 

P t 

or (11.82) 

'-^ \1 ,1 '« • "-'''^t -p̂  • 
t -J p 

Two standard approximations are then made. 

(i) The additional particles x have little influence on the core-core 

optical potential. U thus describes the core-core interaction. 
^ ^ opt 

u - y y v . . , (11.83) 
opt . % >_ ij ' 
^ leC leC -̂  

P t 

and thus 

^eff ~- \ .^ ^ j 
leC lex 

P 
or ("11.84) 

^eff ~- .^, .̂  ^ij • i£C lex t-̂  

(ii) The sum of two-body Interaction )̂  ^ V. . is replaced by a one-
ieC jex 

body potential V(r ) depending only on the relative position of the mass center 
L*X 

of X to that of the core 

V - V (r ) 
eff C x^ p^ 

P 
o^ (11.85) 

\ f f ^ ^C^x(^t) • 

It is the second approximation that reduces x-nucleon transfer to a three-body 

problem. 

In the simplified form (11.85) V -̂  can be associated with one or the 

other vertex. For the one-body potential V , Ptolemy uses the potential 

that binds the composite system H at the appropriate vertex. 
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It is known that the approximation (11.83) is poor for the Coulomb 

part of the interaction. In this case a simple correction can be made; 

or 

V .. - V^ (r ) + AV , 
eff C X p 

P 

\ff ~- \ / ' t ' > ^ "^ ' 

(11.86) 

where 

AV = V(r ) - V 
cc opt 

(11.87) 

In Eq. (11.87) V is the appropriate optical potential as indicated in the 
^ opt 

following table: 

Pick-up Stripping 

Interaction at 

p Vertex 

Interaction at 

t Vertex 

V (r ) V (̂r J 
opt^ 1 opt out 

V (r ^) V (̂r ) 
opt out opt 1 

V(r ) is the optical potential between the two cores and Is evaluated using 

the^same potential parameters as V^^^. With the Coulomb correction AV, V^^^ 

becomes a function of r , r̂  and x in a fashion which adds no essential compli­

cation to the Integral in (11.74). 

6. Angular Momenta 

The angular momenta transferred at the vertices, Ĵ  and Ĵ  have been 

defined in Eqs. (11.60) and (11.65). The total transferred angular momentum 

L is defined by 
X 

L + J = Ĵ  
X p t 

(11.88) 

The multipole or angular-momentum decomposition of the DWBA amplitude and cross 

section is based on the total angular-momentum transfer. • 

7. Differential Cross Section 

d§ ^̂^ " E.E 
out ^ I I 

i out J J L M 
t p X X 

L (J J„) 

M 
X 

2 
(11.89) 

where R Is a spin-statistical factor: 
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2J^+1 
R = 2j -n (pick-up) J 

a 
(11.90) 

2Jg+l 
= 2J +1 (stripping) 

A 

In Ptolemy only one value of J and J is allowed and the sum over Ĵ  and 

J in (11.89) consists of only one term, 
p 

The multipole transition amplitude G is a sum of products of spectro­

scopic and geometrical components 

L (J J ) 
G / ^ P (6) 
M 
X 

L (J.J ) 
= y A, , , (n £ n £ ) B̂ "" ^ P {n i n I ;6) . (11.91) 

^ ^ J J t t p p M t t p p 
n i n I x t p X 
t t p p 

summed over all contributing states of orbital motion of the transferred 

nucleons at each vertex. Ptolemy allows only one projectile and target bound 

state so the sum in (11.91) consists of only one term. With the phase convention 

introduced earlier, G Is the negative of the amplitude used in Ref. 4. 

8. Geometrical Component (including radial integrals) 

The angular dependence of the cross section is contained In the 

"geometrical" component of (11.91): 

L (J J ) 
B ^ "̂  P (n £ n £ ;e) 
M ^ t t p p' ' 
x 

L +£ -£ L ^,L ,L I 
- yZ^ T ^ *̂  P y C °" I (n £ n £ ,„ out,„. .-r-r Q-,>. 
- -̂ ^̂  1 L ^M ,-M ,0 L.L L ^ t t p p)Y (9) . (11.92) 

L.L x' x' 1 out X -M 
1 out -̂  

The radial integrals are expressed in terms of the bound-state form factor H 

[Eqs. (11.74) to (11.80)] and the radial scattering functions by 
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1(0. + a J 
X out 

I ^ ^ (n^£^n £ ) = e 
L.L L̂ t t p p 
1 out X 

"t't^%. ^ ) f f. ^ . (11.93) 
.L L (̂ I'̂ out̂  L 
X out X °^^ 

X // r.dr.r dr f, (r.) H \^ V^^l'^out^ L̂ ^̂ out> 
•'•' 1 1 out out L^ 1 I-il̂ out X out 

Note that B^^ is Independent of the shell-model wave functions of the nuclear 
M M 
X 

states. 

9. Spectroscopic Factors and Spectroscopic Component 

Let the states. A, a, B, b be represented by shell-model wave functions. 

In order to treat the center-of-mass variable R consistently and to separate 

internal and center-of-mass variables of the nuclear states, use harmonic-

oscillator shell-model wave functions with the center-of-mass motion in its 

ground (Os) state. 

Consider then the internal states^at the target vertex. If Ĵ. is the 

total A.M. transfer at that vertex, let H- ̂  be a complete set of x-nucleon 

shell-model states for the transferred nucleons, and let a (Y^J^M^) be the 

creation operators that produce these states from the vacuum. The x-nucleon 

states must be projected onto states of the transferred nucleons of the form 

(11.58), with internal and center-of-mass variables separated. Define the 

necessary coefficients 

'^J^(^\ ^ ^x'\) 

= // d \ d \ a , ' ' ' ' \ t ^ ) X /'^P,)]^^)* / % ^ ^ (irj) (11.94) 

where {r } is a set of nucleon coordinates and 
a 

R = ̂  y r . (11.95) 
x x ,̂ a 

a=l 

Then the conventional spectroscopic amplitude vS is given by 

/5(n^£^,xJ^,J^;H^,C^) 

= I K_j (i^/t^'^x'^t^ <J(\)\\A^(y^\)\\j<^C^)> (11.96) 

\ ' 
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(The reduced matrix element is defined by the Wigner-Eckart theorem in the 

form<jmlT^^|j'm'> = Ĉ lq̂ , <J I I T̂ l h'> •) 

The treatment of the centers of mass leading to Eqs. (11.94) and 

(11.96) is exact if the shell-model wave functions and the radial functions 

$ in Eq. (11.57) and its projectile analog are harmonic-oscillator functions. 

However, the radial functions of the target and projectile bound states are 

eigenfunctions of Woods-Saxon potentials. This difficulty is usually ignored 

since the level of precision of the entire analysis (in particular of its 

absolute normalization) is seldom high enough to require consideration of such 

niceties. A crude correction factor can be introduced by expanding the 

Woods-Saxon wave functions in terms of oscillator functions and assuming that 

one term dominates. It can then be shown that the replacement 

/5(n^£^.,xJ^,J^;H^C^) ̂  ©(n^^'^J^'-^t'^t^t^ 

e(Ĥ cp = (̂ ) ~2 v^oTc^ . 

should correct for the use of the oscillator shell-model wave functions. The 

projectile vertex is handled in the same way. 

In Ptolemy, the spectroscopic amplitudes 0 are read in directly; they 

can often be inferred from suitable light-ion reactions between the nuclear 

state in question. Note that S as defined above reduces to the standard 

spectroscopic factor in the case of slngle-nucleon transfer. 

The spectroscopic component A [Eq. (11.91)] is given in terms of 

the spectroscopic amplitudes 9 [Eqs. (11.96) and (11.97)] by 

J - J +£ +£ 
X p p t 

A, , , (n^) i .n £ ) = /2L +1 I ( - ) 
K^^^r. t t p p ^ x J 

x t p XJ^ 

^ w(\JtVp'^xV 0(\\'-Jx'^t=Vt) ^ (̂ %'-̂ x'Jp=Vp^ , '̂'-''̂  

A is independent of the scattering angle and M^. 

10. Outline of Steps in a. DWBA Computation for Transfer Reactions. 

The main steps in a DWBA transfer reaction calculation can be 

schematically summarized as follows. In practice a number of these steps are 

carried out in parallel. 

1) Adjust the potentials at the interaction vertices to reproduce the 

experimental separation energies and compute the bound-state wave functions. This 
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specifies the effective transition operator through Eqs. (11.85) or (H-

2) For given optical-model parameters, solve Eqs. (II.7)-(II. 

the radial scattering functions. At this stage elastic-scattering amplitudes 

and cross sections can also be computed. 
3) Use Eqs. (11.74) to (11.80) to compute the bound-state form 

factors H(r.,r ). 

4) Fold the bound-state form factors with the radial scattering 

functions and integrate [Eq. (11.93)] to obtain the radial Integrals ^L.L^^^L^. 

5) Using given spectroscopic amplitudes G compute the spectroscopic 

components A^ of the multipole amplitudes using Eq^ (11.98). 
6) Calculate the geometrical components B / of the multipole amplitudes 

X 
using Eq. (11.92). 

7) Construct the multipole components of the transition amplitude 

using Eq. (11.91) and compute the cross section [Eq. (11.89)]. 

Note that in heavy-ion calculations, more than 90% of the time is 

spent carrying out steps (3) and (4)—construction of the bound-state form 

factors and Integration over r^ and r^^^. 

D - Constants and Units 

Ptolemy uses the values: 

he = 197.32858 MeV fm (11.99) 

M = 931.5016 MeV/c (11.100) 

cx"̂  = 137.03604 (11.101) 

where M is the atomic mass unit and a is the fine-structure constant. 

Ptolemy reads, stores and prints quantities in the following units: 

Quantity Unit 

angles 

cross sections 

lengths, radii 

momenta 

energies 

reduced mass 

nuclear masses 

degrees 

degrees 

mb 

fm 

fm-1 

MeV 

MeV/c 

amu 

(input,output) 

or radians (internal) 
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potentials 

B(E,L ) 
X 

wave functions: 

bound state ((()) 

scattering (f, x) 

elastic amplitudes (F, B) 

amplitudes (G, B) 

radial Integrals (I) 

transfer form factors (H) 

Inelastic effective interaction (H) MeV 

Note that since cross sections are expressed in mb, a factor of 10 is necessary 

in Eqs. (II.12)-(II.14), (II.23)-(II.26), (11.35), and (11.89) to convert from 

fm^ 

MeV 

f.-3/2 

none 

fm 

MeV fm 

MeV fm 

MeV fm~ 
•3 
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III - Notation and Syntax 

A - Notation 

Lower case letters cannot be conveniently used as computer 
input. Thus some changes must be made to the notation established 
in the previous section for the description of inelastic excitation 
and transfer reactions. In general lower case letters will simply 
be converted to upper case. However, in Sec. II a distinction was 
made between lower- and upper-case letters in the identification of 
the reaction participants. For Ptolemy input this distinction will 
be maintained by specifying the target particles as BIGA and BIGB 
while the projectile particles will be A and B. Thus the reaction 
computed by Ptolemy may be written as 

BIGA (A, B)BIGB . 

In the incoming state, the target is referred to as "BIGA" and the 
projectile is "A". In the final state the residual target is 
"BIGB" and the ejectile is "B". The exchanged particle is referred 
to as "X". For a stripping reaction we have 

A = B + X, 

BIGE = BIGA + X, 

while for a pickup reaction 

B = A + X, 
BIGA = BIGB + X. 

Ptolemy will compute either pickup or stripping reactions; it is 
not necessary for the user to interchange particles to force the 

I reaction into one form or the other. Inelastic excitation is 
I implied if the mass and charge of A and B, and of BIGA and BIGB, 
I are the same. 

The projectile or ejectile bound state (whichever is appro­
priate) is always referred to as the projectile bound state while 
the target or residual nucleus bound state is called the target 
bound state. The C value of the reaction is the difference of the 
outgoing and incoming kinetic energies in the center of mass system 
so that in terms of the bound state energies 

Q = E (projectile) - F(target) : stripping, 
Q = E (target) - E (projectile) : pickup. 

Note that Ptolemy deals with actual bound state energies (i.e., 
negative numbers). In the case of inelastic excitation, the 
Q-value is, of course, just the negative of the excitation energy. 
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B - Ptolemi Sintax 

Ptolemy uses a free-form keyword-based input. °P^i°^|^^^^^^. 
specified and stages of the calculation selected by the specitica 
tion of the appropriate keyword. tumeric values are entered by the 
specification'^f a' number entering keyworfolo by the desired^ 
value. One or more keywords and associatea """-̂  i. 
on a single input line^ or a data value may be °^ ,^^5, J^^^^^^^^rds 
following its keyword. (The CHANNEL ^^f ̂ ^^^.^J^f * f ̂ "̂"the saL 
are exceptions and require associated ^^"^°^^^^J°\^° ^| ^So lines 
input line.) Words and numbers may not be ^P^J^, J^^°f. Jj^j^itch 
and they may not contain imbedded blanks. In both T.O J^^^^jj^ 
usage, Ptolemy uses only the first 72 positions of the input line, 
the last 8 are reserved for optional line numbers that will be 
printed but otherwise ignored. 

Keywords may be separated from other keywords on the same line 
by blanks, commas, or sequences of blanks and commas. The equal 
sign may be used (but is not required) between a keyword and its 
associated data value. The colon may be used following the 
CHANNEL, REACTION and HEADER keywords but should not otherwise be 
used in Ptolemy input. The semicolon is used to begin a stage of 
the calculation; it indicates that all input needed for that stage 
has been provided. 

Numerical data may be entered with or without a decimal point 
and may have the E form of exponent. Valid numerical inputs are 

2, 2.3, .0002, 2E-a, 2.325E+7, -5.3, +7E-5 . 

An "E" appearing in a number indicates the beginning of the power 
of 10 bywhich the number is to be multiplied. Thus 

5.3E-7 = 5.3 X 10-7 
1E20 = 10+20 

Angular momenta that have the possibility of being half-integer (J 
or S values but not L values) have a special form of input. They 
may be either simple integers or integers followed by "/2" to indi­
cate half integer values. They should not be coded with a decimal 
point. Thus 

J = 2, S = 3/2, JP = U/2 

are all valid (the last is the same as JP = 2) while 

J = 2., S = 1.5 

+ Input lines are either cards in an input deck for a batch run or 
lines typed at a terminal in TSO usage of Ptolemy. 
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are both invalid. Such J and S values may be followed by a parity 
sign which will be ignored. Thus 

J = 2, J = 2-, and J = 2+ 

are all equivalent. 

Keywords may have more than eight characters in their names 
but only the first 8 characters are used and required. Keywords 
never have embedded blanks in their names. 

Comments may be placed anywhere in the input. They are 
preceded by a dollar sign ($) which indicates that the rest of the 
input line is a comment. If a second dollar sign appears on the 
same line, the comment is terminated and the remainder of the line 
is processed as normal input. 
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IV - Elastic and Bound State Calculations 

The basic ingredients of the DWBA calculations performed by 
Ptolemy are two-body wavefunctions — optical-model scattering 
states for inelastic excitation and both bound-state and optical-
model scattering states for transfer. Obviously, optical-model 
scattering states are also used in the optical lodel fitter. 
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The two particles involved in the stand-alone calculation are 
referred to as the "projectile" and "target." These words have 
their customary meanings for scattering states; the only distinc­
tion for bound states is that the projectile's angular momentum is 
used to determine the spin-orbit force. 

The CHANNEL keyword may be used to specify the nuclei in the 
two-body state. Some examples will illustrate its form: 

CHANNEL 12C + 208PB 
CHANNEL: P + 11B = C12 
CHANNEL = 209BI(7/2- .9) = P + 208PB 
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The nucleides are defined by an element symbol consisting of 
one- or two-character element abbreviation. the atomic weight and a 

: atollc ;:i Lt ;a e-î ker precede or follow the symbol but no 
blank spaces or other punctuation may intervene In addition th 
following symbols (without atomic weights) may be used: 

N - neutron, 
p - proton, 
D - deuteron, 
T - triton, 
H - 3He, 
A - •He. 

Excited states may be indicated by enclosing the spin and 
excitation energy in parentheses following the element symbol. The 
left parenthesis for excited state specification must immediately 
follow the element symbol. The excitation energy and spin of the 
excited state may be given in either order, and the excitation 
energy must include a decimal point even if it happens to be an 
integer. Excitation energies are given in MeV. Any or all of the 
two or three nuclei may be given an excited state specification. 
The CHANNEL keyword and the complete channel specification must be 
contained on a single input line. 

The CHANNEL keyword will define the projectile, target and 
bound-state mass, charge, and intrinsic spin. The intrinsic spins 
and the ground-state mass excesses of the nucleii are found from 
the 1975 Oak Ridge Atomic Mass Adjustment and the 1971 Nuclear 
Wallet Cards compilation^. In addition for bound states the total 
angular momentum and the bound-state (cluster separation) energy 
are also defined. 

If the CHANNEL keyword is not used, the particle masses may be 
entered with the keywords MP and MT which give the masses in AMD of 
the projectile and target respectively. The masses do not need to 
be integers. Alternatively one can use the keyword "M" to enter 
the reduced mass in MeV/c2. The charges of the two particles may 
be entered with the keywords ZP and ZT. The excitation energies 
may be entered us^ng the keywords E*P and E*T; if they are not 

+ F. Serduke, "Atomic Mass Table," Argonne Internal Report, 1975, 
and private communication. 
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entered, zero will be used. The projectile and target intrinsic 
spins may be entered with the keywords SP and ST. The total 
angular momentum of a bound state may be entered with the keyword 
"J." It is not necessary to enter J or ST (the calculation does 
not depend on them) and SP is necessary only if there is a spin-
orbit force. 

I The projectile and target will be recognized as identical if 
I they have the same mass, charge, spin, and excitation energy. In 
I such cases the appropriate spin statistics will be used for scat-
I tering calculations. Non-identical particle scattering may be 
I forced by specifying a small excitation energy for one of the 
I particles. 

The c m . energy may be entered by using either of the keywords 
ECM or E. In the case of bound states one of these should be used 
to enter the energy as a negative number unless the CHANNEL keyword 
is used. The laboratory scattering energy may be entered with the 
keyword ELAB. In this case both MP and MT must be defined to allow 
the conversion to the c m . energy. 

The number of nodes and orbital angular momenta of bound 
states must be defined for bound state calculations. The keyword 
NODES is used to specify the number of nodes. The node at the 
origin is not included in the count so that the lowest bound state 
for each value of L has 0 nodes. The keyword "L" is used to 
specify the orbital angular momentum of the bound state. If a 
spin-orbit force is being used in the bound state, it is necessary 
to enter the total angular momentum of the "projectile". This is 
done with the keyword JP. Jp, L and Sp are used to find the value 
of L«S in the spin-orbit force. If either of St (the target spin) 
or J (the total bound state spin) are zero, then Jp need not be 
specified since it will be uniquely determined by other known 
spins. 

B - S£ecif^inq the Potentials 

The potentials are defined by the keywords Vi, Pi or RiO, 
and Ai where the suffix "i" indicates the potential that is being 
defined. Possibilities for "i" are: 

1) (null) - no suffix refers to the real part of the 
Woods-Saxon well. 

2) I - The suffix I refers to the imaginary part of the 
Woods-Saxon well. 

3) SO - The suffix SO designates the real part of the 
spin-orbit force. 

4) SOI - Imaginary part of the spin-orbit force. 
5) SI - Imaginary surface potential. 
6) C - Coulomb potential (VC and AC are not defined). 
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The forms of these potentials are as follows: 

1) Real part of the Woods-Saxon: 
- V / (1 + X) 
X = exp[ (r-R)/A ] 

2) I m a g i n a r y p a r t of t h e Woods-Saxon ( v o l u m e a b s o r p t i o n ) 

- VI / (1 + XI) 
XI = exp[ ( r - R I ) / A I ] 

3) Real part of the spin-orbit: 

+ (VSO + TAU*V) * 4L.S * (1/r) * (d/dr) 1/(1 + XS0) 
XSO = exp[ (r-RSO)/ASO ] 

H) Imaginary part of the spin-orbit: 

+ (VSOI + TAOI*VI) * UL'S * ( 1 / r ) * ( d / d r ) 1 / ( 1 + X S 0 I ) 
XSOI = exp[ ( r - R S O I ) / A S O I ] 

5) I m a g i n a r y s u r f a c e p o t e n t i a l ( s u r f a c e a b s o r p t i o n ) : 
+ VSI * 4*ASI * ( d / d r ) 1 / (1 + XSI) 
XSI = exp[ ( r - R S I ) / A S I ] 

6) Coulomb potential 
a) point and uniform sphere: 

+ Zp*Zt * e2 / r : r > RC 
+ Zp*Zt * e2 * {3 - (r/PC)2} / (2RC) : r < RC 

b) two uniform spheres: 
+ Zp*Zt * e2 * 9 / (16 pi2 RCF3 ECT^ ) 

* Integral (0, RCP) d3rp Integral (0, RCT) d3rt 

1 / II-£P-£t| 

where 

L»S = ( Jp(Jp+1) - L(L+1) - Sp(Sp+1) ) / 2 

The potential well depths are given in MeV. Note that the 
spin-orbit well depths may either be specified directly by using 
the VSO and VSOI keywords or their ratio to the corresponding 
Woods-Saxon depths may be given by using the TAU and TAUI keywords. 
The TAU's are related to the LAMBDA'S of DWUCK and LOLA by 

TAU = LAMBDA/(4*45. 2) 

Note that VSO and VSOI have dimensions of MeV since the factor "4" 
in the definition of the spin-orbit force is interpreted as 2*2 
where one " 2 " converts L«S to L»sigma, and the other " 2 " is approx­
imately the square of the pion Compton wavelength in fm. The ratio 

I TAU is dimensionless. The spin-orbit force always refers to the 
I spin of the projectile coupled to its orbital angular momentum; the 
I spin of the target does not enter the potential. A spin-orbit 
I force may not be used if the particles are identical. 
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In all cases the radius parameter (RO, RIO, RSOO, RSOIO, ESIO, 
ECO, BCOP, or PCOT) may be entered in place of the potential 
radius. The radius is then computed as 

R = EO 
E = EO 

* Mt**(1/3) 
* { Mp**(1/3) + Mt**(1/3) } 

Mp < 2 , 
Mp > 3 . 

These formulas are generally appropriate for optical potentials, 
but may result in unexpectedly large potential radii for bound 
states of a nucleon cluster (such as an alpha particle) and a 
heavier core. 

Defining EC or ECO causes the "point and uniform sphere" 
Coulomb potential (6a) to be used; otherwise the "two uniform 
spheres" (6b) potential is used. In the latter case, the radius 
each nucleus may be explicitly entered with the ECP and PCT or ECOP 
and ECOT keywords, or they may be left undefined. If they are not 
defined, Ptolemy will choose them to give RMS radii roughly 
consistent with those determined by electron scattering. These 
radii are taken to be: 

of 

1 < A < 2 
3 < A < 16 
17 < A 

B = 0 ; 
Values from Landolt-Boernstein+ ; 
Values from Bohr and Mottelson formula** 

The Coulomb potential between two uniform spheres is not available 
for bound states. 

The real and imaginary potential parameters may be given a 
dependance on the laboratory energy by the use of keywords that end 
in "E" or "ESQ." In this case the guantities to be used in the 
above equations will be computed as follows: 

A 
RO = 
V 
AI = 
EIO = 
VI = 

A 
RO 
V 
AI 
EIO 
VI 

+ 
+ 
+ 
+ 
+ 
+ 

AE*Elab + 
BOE*Elab + 
VE*Elab + 
AIE*Elab + 
ElOE*Elab + 
VIE*Elab + 

AESQ*Elab2 , 
P0LSQ*Elab2 , 
VESQ*Elab2 , 
AIESQ*Elab2 , 
EI0ESQ*Elab2 , 
VIESQ*Elab2 

The names appearing on the right of the equal signs in the above 
equations are the keyword values the user enters. The quantities 
on the left are then used to evaluate the potentials. The default 
value for all the keywords ending in "E" or "ESQ" is 0. 

I + E. Hofstadter and H. E. Collard in Landolt-Boernstein, Numerical 
I Data and Functional Relationships in Science and Technology, Vol. 
I 2, K.-H. Hellwege, ed. (Springer Verlag, 1967). Average values of 
I the entries in column 5 of Table 2.1, pp 32 - 34, are used. 
I ++ A. Bohr and B. Mottelson, Nuclear Structure, Vol. I, (Benjamin, 
I New York, 1969), pp 160 - 161. 
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I The keyword EINVEESES may be used ^o indicate that VElab and 
I 1/Elab2 are'to be used in the above formulas for the energy .̂  ^^^ 
I dependent parameters. The default is EPOWEES wnicn r« 
( above formulas. 

If Ai and/or both Ei and RiO are not ^^^^^^^ ̂ ^^.^J^,^!^^!'^"'^^ 
part of a potential, Ptolemy will use the Ai or Ei for the^eal 
part of the same potential (ESO will be "^^f ̂ ^°^Jf^' or R will be 
etc \ If ASO or both ESO and RSOO are not defined, A or R wiii be 
used^for them? If ASI or both ESI and RSIO are not defined, AI or 
RI will be used for them. 

In process of computing the bound state "^l^^l^^'^^^^'f^il ^^ 
necessary that V (the potential depth) and E (the bound state 
energy) be made consistent with each other. Ptolemy varies one or 
tEJ other of these two guantities until they are ô̂ Ĵ ^̂ ^̂ ;;̂ - /^,^ 
keywords FITV and FITE may be used to determine which quantity is 
to be varied. FITV causes V to be changed to produce a well that 
has the bound state energy E. If a spin-orbit force has been speci­
fied via the keyword TAU, the depth of the spin-orbit force is also 
varied since the ratio of the spin-orbit force to the Woods-Saxon 
well is held constant at TAU. On the other hand, if VSO is used to 
specify the spin-orbit force, the strength of the spin-orbit force 
is not changed as V is changed. FITE causes E to be computed as 
the bound state energy of the given potential. The default is 
FITV. 

C - Controlinq the Calculation 

If a scattering calculation is being made, the S-matrix 
elements will be found for a range of orbital angular momentum 
values. This range may be explicitly specified by the LMIN and 
LMAX keywords. If LMIN and/or LMAX are not specified, they will be 
based on Lcritical (the angular momentum for which (S| = 1/2) which 
is estimated via semi-classical expressions. In such cases the 
four keywords LMINMULT, LMINSUB, LMAXMULT, and LMAXADD are used to 
compute LMIN and/or LMAX from the formulas: 

LMIN = Min( LMINMULT*Lcritical , Lcritical-LMINSUB ) , 
LMAX = Max( LMAXMULT*Lcritical , Lcritical+LMAXADD ) . 

Note that if only one of LMIN or LMAX is explicitly specified, then 
only the other is computed from the above formulas. One should 
note that the extrapolation to large L-values that is provided in 
EWBA calculations does not occur in elastic scattering calcula­
tions. Thus a larger LMAX or LMAXADD is required for elastic 
scattering calculations. 

It may be desired to compute the elastic S-matrix elements for 
only one value of L. In such cases, the keyword L should be used 
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to specify the desired value. If a spin-orbit force is entered for 
a scattering problem, the S-matrices will be computed for all 
values of Jp connected with each value of L (note that Sp is not 
limited to 1/2 for spin-orbit forces). If it is desired to have 
only one value of Jp, the keyword JP may be used to specify that 
value. If both of the keywords "L" and "JP" are used, only one 
scattering partial wave will be computed. Bound states are always 
computed for only one value of L and Jp. 

The keyword ELASTIC may be used to cause the elastic differen­
tial cross sections to be computed. The default is NOELASTIC which 
suppresses the differential cross sections. The cross sections are 
given in millibarns/steradian and as ratios to the corresponding 
Rutherford (Mott if the particles are identical) cross sections. 
The cross sections are averaged over the initial spins and summed 
over the final spins. 

The grid of c m . angles on which the differential cross 
sections are displayed is controlled by the keywords ANGLEMIN, 
ANGLEMAX, and ANGLESTEP. The angles are given in degrees. The 
default values are 

ANGLEMIN = 0 , 
ANGLEMAX = 90 , 
ANGLESTEP = 1 . 

The keyword LABANGLES may be used to indicate that ANGLEMIN, 
ANGLEMAX, and ANGLESTEP specify a grid of laboratory angles. In 
such cases there is a two to one mapping of laboratory angles to 
cm. angles if the projectile mass is greater than the target mass. 
Ptolemy will convert positive laboratory angles to the smaller cm. 
angle and negative angles to the larger cm. angle. In such cases 
ANGLEMAX may be negative to cause the cm. angles to steadily 
increase through 90°. The default is CMANGLES. 

The computation of the two-body wavefunctions (both bound and 
scattering states) may be controlled with the ASYMPTOPIA and 
STEPSIZE or STEPSPER keywords. ASYMPTOPIA specifies (in fm) the 
radius at which the wavefunctions are to be assumed to be asymp­
totic. It is also the largest value of r for which the 
wavefunctions will be computed and stored. 

The keyword STEPSIZE gives the increment used in the solution 
of the bound- and scattering-state Schroedinger equations. Since 
arrays must be constructed that have ASYMPTOPIA/STEPSIZE elements, 
one should avoid making this ratio very large. The keyword 
STEPSPER may be used to specify the number of steps to use per 
wavelength. If it is entered, STEPSIZE will be computed according 
to the formulas: 

STEPSIZE = Min( 1/kappa, A ) / STEPSPER : Bound states 
STEPSIZE = Min( lambda, 2*A ) / STEPSPER : Scattering 

where "kappa" is the bound state inverse range: 
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kappa = sqrt( 2*M*|E| ) , 

and "lambda" is the scattering wavelength: 

lambda = 2*Pi / sqrt ( 2*M*E ) . 

In both cases "A" is the diffuseness of the real part of the 
central Woods-Saxon well. It is suggested ^hat STEps , , , 
instead of STEPSIZE since then the step size will ^ f ^ j f ̂ ^^JJ^ ^^^ 
adjusted as the wavelength changes due to changes m the scattering 
energy. If both STEPSIZE and STEPSPFE are defined, STEPSPER has 
precedence. 

The keyword PARAMETERSET may be used to select a standard set 
of values for the calculation-controlling keywords. The keyword is 
followed by the name of the desired set; Table I gives the names of 

TABLE I 
PARAMETERSET names and associated values for 
elastic scattering calculations. The first column 
gives the default values. 

Keyword 

LMINSUB 
LMINMULI 
LMAXADD 
LMAXMULT 
ASYMPTOPIA 
STEPSPER 
FITACCURACY 

Default 

20 
.6 
30 
1.6 
20 

none 
10-3 

ELI 

15 
.7 
15 
1.6 
15 
12 

2*10-3 

EL 2 

20 
.6 
20 
1.8 
20 
15 

2*10-* 

EL 3 

25 
. 5 
25 
2. 
25 
20 

2*10-5 

the sets for elastic scattering and the associated values. Indi­
vidual settings may then be overridden by subsequently entering the 
appropriate keywords. Note that STEPSPER and not STEPSIZE is 
defined by these PARAMETERSET sets. Since STEPSPER has precedence 
over STEPSIZE, one must use the command 

UNDEFINE STEPSPER, STEPSIZE = ssss 

if one wants to enter a specific STEPSIZE after having used 
PARAMETERSET (UNDEIINE is defined on page 77) . The FITACCURACY 
keyword in Table I will be explained in the chapter on optical 
model fits. 
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D - The Tjjo-Bod^ Wavefunctions 

The computed wave functions (for both bound and scattering 
states) will be printed if the keyword WEITESTEP is used. This 
keyword specifies the stepsize for which the wavefunctlon is to be 
tabulated. The value of WEITESTEP should be a multiple of STEPSIZE 
(page 39); if it is not, the closest multiple of STEPSIZE will be 
used. Setting WEITESTEP equal to 0 (the default) will suppress the 
printing of the wavefunctlon. 

The bound state wavefunctions are the solutions of the Schroe­
dinger equation 

( htar2/(2Mr2) [ - (d/dr) r2 (d/dr) + L(L+1) ] 
+ V(r) - E } Phi(r) = 0 , 

while the scattering wavefunctions are the solutions of 

{ hbar2/(2M) [ -d2/dr2 + L(L+1)/r2 ] 
+ V(r) - E } f (L) (r) = 0 . 

The bound state wavefunctions are normalized +o unity so that 

Integral (0 to infinity) dr r2 Phi2 = 1 

The scattering wavefunctions are normalized to have the asymptotic 
form 

I f(r) —-> (1/2) * { (1+S)*F(kr) + i (1-S)*G(kr) } , 
I = cos(D) exp(iD) { F(kr) + tan(D) G(kr) } , 

I where F and G are the regular and irregular Coulomb functions, and 
I D is the complex phase shift [S = exp(2iD)]. If the optical poten-
I tial is real, then the phase shift D is real and the phase of the 
I wavefunctlon is exp (iD) for all r. In this case one might want_ 
I to use the REAIWAVE keyword to cause the wavefunctions to be multi-
I plied by exp (-ID) so that 

I f(r) > cos(D) F(kr) + sin (D) G (kr) [EEALWAVE] 

I The default is COMPLEXWAVE. Note that asymptotically the bound 
state wave functions behave as exp (-kappa*r)/r while the scattering 
wavefunctions do not have a 1/r in their asymptotic form. 

The name of the bound state wavefunctlon will be PHIn where 
"n" is an integer that is 1 for the first bound state and^is 
increased by 1 for each subsequent bound state. Rfter n = 9, it is 
set back to 1 again. Thus one can have up to nine bound state 
wavefunctions in the allocator at once. The names of the real and 
imaginary scattering wave functions will be WAVER and WAVEI. If it 
is desired to have more than one scattering wavefunctlon in the 
allocator at once, the keywords RENAME or COPY should be used (see 
Sec. VIII). 
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The keyword CHECKASYMPT may be used to cause the rate of 
convergence of the scattering wavefunctions to theasymptotic form 
given above to be displayed when the wavefunctlon is computed. The 
difference of the exact wavefunctlon and the asymptotic form will 
be printed at intervals determined by WRITESTEP (which must also be 
defined). The keyword NOCHECKASYM cancels a previously entered 
CHECKASYMPT and is the default. 

E - Readinq the Out£Ut 
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The last two columns of this tabulation are labeled "% PER LOW 
L" and "% PER HIGH L" and contain indications of the errors in the 
differential cross sections due to the low and high orbital angular 
momentum limits. They are defined as 

[% PER LOW L] = 100*{sigma (LMIN)-Sigma (LMIN + 2) }/2 , 
[% PER HIGH L] = 100*{sigma (LMAX)-sigma(LaAX-2) }/2 , 

and thus are the percent error for omitting the smallest and 
largest L-value used in the calculation. Experience has shown that 
the actual error in the cross sections is typically five times the 
number printed, but such an estimate is strongly dependent on the 
rate at which |S| is approaching 0 or 1. (Of course, if LMIN=0 the 
low L error may be ignored.) 
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I Following the differential cross section tabulation, the total 
I reaction cross section and the nuclear total cross section are 
I printed. These quantities are defined in Chapter II. 
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V - Q£tical Model Potential Fits 

Ptolemy provides a powerful and efficient program for fitting 
optical model potentials to elastic scattering data. Data for more 
than one elastic scattering reaction or at more than one bombarding 
energy may be used in a fit. The optical potentials may be given 
an energy dependance. The normalization of the data and the labor­
atory angle calibration may be used as fit parameters. 

A - S£ecifyin3 the Fit Parameters and Data 

The input for an optical model fit consists of the following 
items: 

1) specification of the potential parameters 
that are to be varied in the fit, 

2) initial values of the search parameters and the 
fixed values of all other potential parameters, 

3) experimental data, 
4) parameters to control the fit and elastic 

scattering calculations. 

Items 1 to 4 may be given in any order. The end of the input for a 
fit is signaled by a semicolon (;) which causes the fit to begin. 
When the fit is complete, the potential parameters will be set to 
the best potential parameters that were found. In addition the 
predicted optical model scattering cross sections will be printed 
for each experimental point that was included in the fit. The user 
may then enter control lines to compute the elastic scattering on a 
uniform angular grid, or he may increase the accuracy of the calcu­
lation (through the use of keywords such as LMINMULT, LMAXADD, 
STEPSPER or FITACCURACY) and resume the search by entering a second 
semicolon. 

Both the fixed and initial potential parameters are entered 
using the potential keywords of Section IV-B. The LMINSUB, LrllN, 
IMAX, LMINMULT, LMAXADD, LMAXMULT, STEPSIZE, STEPSPEE and 
ASYMPTOPIA keywords (Section IV-C) may be used to control the accu-

I racy of the elastic scattering calculations during the search. 
I Alternatively one of the elastic PARAMETERSET keywords (page 40) 
I may be used. 

The parameters to be varied in the fit are specified by the 
FIT keyword. This keyword is followed by a list of potential 

I parameters (page 35) and/or renormalization factors and laboratory 
I angle shifts to be varied. The list must be enclosed in 

parentheses. If two or more potential parameters are to be held 
equal to each other during the fit, they should be joined by an 
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equal sign in the FIT list. Some examples of valid FIT 
specifications are: 

PTT / V VI ) - a two-parameter fit; 
FIT I = I I , \ E = A I E , V )' - a three-parameter fit with the 

same energy dependance m A and AI. 
FIT ( R0=RI0=RC0 ) - a one-parameter fit. 

Each FIT parameter must have its initial value explicitly entered 

by means of the potential-defining '^-y"^^^^ °J,'^^- ;Ite;s is the 
initial value of the first of a string of equal parameters is tne 
one that will be used to start the search. 

The normalization of the data and/or the zero P°if °f ^^^^ 
laboratory angles may be treated as fit P f ̂ ;|^^^^-,,^Jf.^^J^^f 
qroup of data is being fitted, the keywords RENORMALIZATION and 
T N G L L H I F T may be included in the list of FIT Parameters to cause 
these quantities to be included in the search (See the descrip 
tion of the DATA keyword below for a precise definition of the 
meaning of ANGLESHIFT.) If there is more than one group of data to 
be fitted, the keywords RENORMn and/or SHIFTn, where "n" is an 
integer from 1 to 20, may be used to indicate which group of data 
is to be adjusted in magnitude and/or angle. If several groups of 
data are to be adjusted, then there will be several RENORMn-s or 
SHIFTn's in the FIT list; these may be connected with equal signs 
if the same adjustment is to be made to all of them. The initial 
values of the renormalizations and shifts that are part of the 
seach are specified in the DATA keyword (see below). Some examples 
of fits that include searches on the renormalization or angles are: 

FIT ( V VI A RENORM ) - assumes only one data 
group. 

FIT ( RO RIO SHIFT1=SHIFT2 REN0RM1 REN0RM2 ) - two 
data groups, both have the same unknown 
error in angles but possibly different 
errors in their normalizations. 

The default minimizing program (see page 49) cannot be used if the 
laboratory angle shift is one of the fit parameters. In such cases 
the POWELL65 or ROCORD minimizer must be specified. 

The experimental data are entered using the DATA keyword. 
This keyword is followed by a pair of parentheses that enclose all 
of the data that are to be used. As many cards as are necessary 
may be used to enter the data; the end of the DATA keyword is 
signalled by the closing paranthesis. If a second DATA keyword 
occurs in a given job, it will replace, not supplement, the data 
entered with the first keyword. The data are entered in one or 
more groups, each containing data for a single elastic channel at a 
single laboratory energy. Each group is preceded by a list of 
keywords that give the elastic channel, the laboratory energy, 
optional overall weight and renormalization factors, and the type 
of data to be entered. The data then follow these keywords. The 
start of the next group is indicated by the occurence of a keyword. 
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The elastic channel is specified by the CHANNEL keyword which 
is followed by an elastic channel specification (see page 3 3). The 
laboratory energy of the group of data is specified using the ELAB 
keyword and is in MeV. If there is only one group of data, the 
channel and/or laboratory energy may be specified outside (either 
before or after) the DATA keyword. Each data item is weighted in 
the chi-squared sum by the square of the inverse of its experi­
mental error. An overall weight factor that will multiply each of 
these individual weights may be entered using the WEIGHT keyword. 
The keyword RENORMALIZATION may be used to enter a renormalization 
factor that is multiplied into each experimental value before 
computing the chi-squared sum. If WEIGHT or RENORMALIZATION are 
not entered, the default value of unity is used. 

The laboratory angles of the data can be shifted by a constant 
angle with the ANGLESHIFT keyword. This keyword specifies an 
increment (in degrees) that is to be added to each angle in the 
laboratory frame. [In the Almagest (ca. 130 AD) Ptolemy "updated" 
the positions of some 1000 stars by shifting the positions of every 
star by the same amount+. ] Input cm., angles and data are trans­
formed to the laboratory frame for this shift. After the shift, 
the Jacobian relating the c m . and laboratory frames is recomputed 
at the new angle, and the angles and data are transformed back to 
the c m . frame. Furthermore if the cross sections are given as 
ratios to the Rutherford cross sections, the data values are 
changed to correspond to the Rutherford cross sections at the new 
angles. Thus this keyword treats the data as if the absolute 
normalization of the data is experimentally known. If the data was 
normalized to the Rutherford cross section for small angles, it 
will be necessary to use the RENORMALIZATION keyword to specify a 
suitable renormalization factor [the average (over the small 
angles) of the ratios of the Rutherford cross sections at the orig­
inal and shifted angles] for the shifted data. 

A set of three or four keywords is used to specify the type 
and order of data being entered. The set must consist of one 
keyword from each of the following three groups: 

CMANGLE, LABANGLE; 
CMSIGMA, LABSIGMA, SIGMATORUTH; 
PERCENTERROR, MBERROR. 

In addition a fourth keyword, POLARIZATION, may be used to enter 
polarization data, but such data will be ignored in the fit. The 
subsequent data is entered in triples or quadruples of numbers 
whose order is the same as that of the three or four keywords. 
These keywords remain in effect until a new set is specified; if 
any one of them is entered, then a complete new set must be given. 

1) 
2) 
3) 

ANGLE, 
SIGMA, 
ERROR, 

+ E. R. Newton, "The Crime of Claudius Ptolemy," (John Hopkins 
University Press, 1977). 
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one of the ANGLE, C«ANGLE, or LABANGLE keywords is -ed^to^^^ 
indicate the scattering angles of the ^^ta. ine AW decrees 
keywords are used to designate ^^nter-of-mass angles ^^ J^?^^^^' 
The LABANGLE keyword means that laboratory angles ^^^^^^^^^ H^ 
be qiven. In this case there are two c m . angles f^^^J^^^f^^*':^^ 
each irb;ratory angle if the projectile mass exceeds the target 
mass. For such cases, positive angles are converted to the smaller 
possible cm. angle, while negative angles are ^°"^^^^^^^^°. ̂ J^ 
larger. It is not possible to have the ^^°^^^^^f?^l^ZlJ 
cm. angles added together for comparison with the data. 

The type of data that is being entered is i^-^icated by the 
SIGMA, CMSIGMA, LABSIGMA, or SIGMATOFUTH keywords. The first three 
keywords indicate that cross sections in millibarns are being 
entered. If SIGMA is used, the cross sections are Ĵ] the rest 
frame (cm. or laboratory) indicated by the ANGLE, CMANbLE, or 
LABANGLE keywords. The keywords CMSIGMA or LABSIGMA may be used to 
explicitly indicate the choice of frame or to specify cm. cross 
sections at laboratory angles (or vice versa). Eatios of cross 
sections to the Rutherford (Mott for identical particle scattering) 
cross sections are indicated by the keyword SIGMATORUTH. 

Thp keywords ERROR, MBERROR or PERCENTERROR are used to indi­
cate the nature of the experimental errors. The ERROR keyword 
means that errors are being entered in the same units as the data. 
Thus the errors will be expressed either in millibarns (in the cm. 
or laboratory frames as determined by the data) or as a ratio to 
the Rutherford cross section. The keyword MBERROR indicates that 
no matter what the data type, the errors are in millibarns. If the 
data are ratios to Rutherford, then such errors are expressed in 
the cm. frame; otherwise the frame is the same as that used for 
the data. The keyword PERCENTERROR indicates that the errors are 
expressed in percent. 

The following example illustrates the DATA keyword: 

DATA ( CHANNEL 16O+40CA ELAB=48 
ANGLE PERCENTERROR SIGMATORUTH 
10 5 1.023, 12.5 2 .99 20 3.3 .5 
30 15 .12 
ELAB = 56 WEIGHT = .5 ANGLE SIGMA MBERROR 
10 3. .3, 15 1. .1 20 .1 .1 ) 

Here we are entering data at two different energies. Both sets of 
data are for i60+*8Ca elastic scattering. The data at the first 
energy is given at angles of 10, 12.5, 20, and 30 degrees and 
consists of ratios to the Rutherford cross section that are respec­
tively 1.023, .99, .5, and .12. The errors in these numbers are 
given as percentages. The data for the second energy are given in 
millibarns with errors also specified in millibarns. If data that 
consists of the same guantities in the same order is to be entered 
at several energies, it is not necessary to repeat the angle, cross 
section and error keywords for each data group. 
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B - Controlling the Fit 

One of the keywords LMCHOL, QUAVER, MINIM, DAVIDON, P0WELL65, 
or ROCORD may be used to pick the minimizing program that is to 
make the search. The average user will have need of only the 
default which is LMCHOL. The keywords FITKODE, FITMULTIPLE, 
FITRATIO, NUMRANDOM, and REINITIALIZE are used by some of the 
following fitters; the default values will almost always suffice. 
The keywords FITACCURACY and MAXFUNCTIONS are used by all the 
fitters. A description of these minimizers follows: 

1) LMCHOL - This is a minimizer that uses analytically 
computed gradients and makes specific use of the sum-of-
squares property of the function that is being minimized. 
The analytic gradients are computed as the expectation 
value in the distorted waves of the derivatives of the 
potential. The potential derivatives are evaluated 
numerically. LMCHOL is based on the Harwell subroutine 
VA07A which was coded by FletcLer. Despite the fact that 
the computation of the gradients can more than double the 
chi-squared sum evaluation time, the LMCHOL and QUAVER 
fitters usually find a minimum in less than half the CPU 
time required by the other fitters. We know of no cases 
inwhich the CPU time is significantly longer for LMCHOL. 
The LMCHOL fitter is therefore highly recommended and is 
the default fitter. 

2) QUAVER - This is a guasi-Newton fitter that uses a 
pseudo-inverse procedure to solve the required systems of 
linear equations. The search path followed by QUAVER 
differs significantly from that followed by LMCHOL only 
when there are directions in parameter space for which 
the second derivative of chi-squared is nearly zero. The 
keyword FITRATIO may be used to eliminate steps along 
such poorly determined linear combinations of the optical 
model parameters. The default value of 10-* will have 
this effect; smaller values (such as lO-^sj will elimi­
nate such restrictions on the search direction, and 
result in searches that are almost identical to those of 
LMCHOL. Setting PRINT=2 (page 80) will cause the 
singular values (the quantities that indicate which 
linear combinations of parameters are poorly determined) 
to be printed at each iteration. For both the QUAVER and 
MINIM fitters, the keyword FITMULTIPLE is a divisor used 
to reduce the step length when a step to a larger func­
tion value is attempted. The default value is 5. 

3) MINIM - This is a variable-metric fitter using the 
1972 Fletcher presciption for the metric update. It is 
generally slower than the above two fitters. 
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4» DAVIDON - This uses the original variable-metric 
nrlscription of Davidon. It is based on the Davidon 
luter foind in the Argonne Applied Mathematics Division 
i-ihT-arv This fitter is somewhat slower than the 
llTcllr fitt^r'fMINIM, . The keyword FITMULTIPLE deter­
mines the initial estimate of the metric matrix. The 
default (FITMULTIPLE = 0 or FITMULTIPLE > l'^) -/J^.l^' 
the second derivative approximation g^'^^^^^^JJ..^?" ^7.3 
Jacobian of the chi-squared function. If ^^^""^^"^f "^3 
set to a nonzero value, a diagonal matrix will be used as 
the initial metric and thus the search will start along 
the gradient direction. The diagonal elements of the 
matrix will be |FITMULTIPLE|*D(i) where D(i) - 1 it 
FITMULTIPLE > o) and D(i) = x(i)**2 if fITMULTIPLE < 0 (X 
designates the parameter vector). The keyword NUMRANDOM 
may be used to specify the number of random steps that 
are to be made in confirming a minimum. The default is m 
a 
zero. 

5) POKELL65 - This is a minimizer that makes specific 
use of the sum-of-sguares property of the function but 
does not require Ptolemy to evaluate the gradient of the 
function. It is the Harwell subroutine VA02A which is 
based on a 1965 paper of Powell. The POWELL65 search 
algorithm is usually quite efficient for the first few 
iterations but then often begins to take very small steps 
for subsequent iterations. Therefore it often pays to 
terminate the search intermittently and restart it again. 
This may be accomplished by using the keyword REINI­
TIALIZE to specify the number of iterations between 
restarts. REINITIALIZE = 16 is a reasonable value for 
P0WELL65; the default is zero which suppresses reinitial­
ization. The keyword FITMULTIPLE is used to limit the 
size of a single step; no step will be allowed to exceed 
FITMULTIPLE*FITACCURACY in relative size. The default is 
500, but some tests indicate that larger values (10000) 
may result in faster searches. 

6) ROCORD - This minimizer does not make use of the 
sum-of-squares property of the function nor of deriva­
tives. It is provided as an alternative should the 
preceding minimizers fail to behave reasonably. The 
keyword FITMODE may be used to specify the initial value 
of IRET for ROCORD; the default is -1021, and should be 
adequate for most purposes. The keyword NUMRANDOM has 
the same meaning as for the DAVIDON fitter. 

The FITACCURACY keyword may be used to specify the accuracy_ 
with which the potential parameters are to be found. Its signifi­
cance depends upon which minimizer is used but for the first five 
fitters above it gives the relative accuracy to which each poten­
tial parameter or the minimum chi-squared value is to be found. 
The default value is 10-3. This keyword is set by the elastic 



V Optical Model Potential Fits 51 

I PAFAMETERSET's (page 40). The MAXFUNCTION keyword limits the 
number of chi-sguared sums that may be evaluated during a search. 
Its default value is 50 which is more than enough for the default 
fitter (LMCHOL). 

C - Reading the Out£ut 

The output for an optical-model fit begins with a summary of 
the elastic channels that are being fitted. For each data group, 
the laboratory energy, the CHANNEL specification, and the type of 
statistics are listed. The orbital angular momentum range and the 
stepsize used in solving the Schroedinger equation are also 
printed. This information is followed by a list of the parameters 
that are being varied in the fit and their initial values. If data 
was entered in the laboratory system, the conversion of that data 
to the cm. system is shown next. In all subsequent output, the 
data and fitted values will be printed in the c m . system only. 

One or more pages is then produced for each data group showing 
the initial values of the fit. The potential parameters evaluated 
for the channel and laboratory energy are given for each data 
group. These are followed by a tabulation of the experimental and 
computed values of the cross sections at each angle involved in the 
fit. The cross sections are giver as ratios to the Rutherford 
cross section and the angles are c m . angles. The unsquared 
contributions to the chi-squared sum are given in a column labeled 
" (FIT-EXP)/ERROR;" the chi-squared sum is the sum of the squares of 
the entries in this column. The factor WEIGHT is not included in 
this column. The last column in this tabulation is labeled "%/L AT 
LMAX" and has been described in Sec. IV-E. Each data group listing 
is terminated with several lines summarizing the chi-squared for 
that group. The first line gives the chi-squared per point (both 
unweighted and weighted) computed using the RENORMALIZATION entered 
by the user (the value is also printed in the line). The next line 
gives that value of RENORMALIZATION that results in the minimum 
chi-squared (assuming that no other parameters are changed) and the 
resulting unweighted chi-squared per point. Finally, if there is 
more than one data group in the fit, the contribution of the 
current group to the total weighted chi-squared per point is 
printed, and the total chi-squared per point and chi-squared per 
degree of freedom for all the data groups are listed at the end of 
all the data groups. 

After this listing of the initial conditions, the course of 
the fit is summarized by several lines printed at the end of each 
iteration. The lines give the total chi-squared per point and the 
corresponding parameter values (the parameters are listed in the 
order they were specified in the FIT keyword — this order may be 
found in the top right-side of the header on each page). If the 
listing of iterations terminates with the message 
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FIT C0.1PLETE. FINAL RESULTS FOLLOW 

then the ».„i.izer being used located a "l^t^^t'es^afabrrr^al' " ' 
terminated nor.ally. »"| °J ^ ^ ^ ^ r ^ f . ^ a norLl ?er.Sna?iin Is 
tre"aiire-o/ L"°.ini'. ei%rirca?e T-inimu. within the allowed 
JuL'r irfunction references (steps) i such a condition is indi-

cated by the message 

NOT ENOUGH ITERATIONS TO ACHIEVE A GOOD FIT 

in such cases the parameter values at the tije of termination of 
the minimizer are used as the final parameter values I^S|| 12.11 
not be parameters corres£ondin3 to a minimum of chi-sa^area. 
??^ltmy^lhin-iivis"-llitng of the final parameter values and of 
the resulting fit; the format of this listing is identical to that 
used for the initial conditions. 

A paqe labeled "FINAL VALUES AND UNCERTAINTIES" follows the 
listing of the fit. This page has a.column for each fit parameter; 
the columns are labeled with the parameter names. The first line 
of the table contains the final value of each parameter. Next are 
several lines giving the gradient at the minimum; the gradient is 
ideally zero but if there are large second derivatives may be 
significantly non-zero. Then there are two lines giving the RMS 
uncertainty and the relative RMS uncertainty in the parameters. 
These are based on the diagonal elements of the covariance matrix 
(error matrix) and are defined as the changes in the parameter 
values that would result in the chi-sguared (not chi-squared per 
point) increasing by unity. Finally the eigenvalues and eigenvec­
tors of the relative covariance matrix are listed. Each row of 
this listing contains the square root of an eigenvalue and the 
corresponding eigenvector. The square root of the eigenvalue is 
the relative change in the linear combination of parameters speci­
fied by the eigenvector that would result in the chi-squared 
increasing by unity. Thus eigenvectors with small eigenvalues 
represent well-determined combinations of parameters. 
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VI - Collective Model DWBA iQ£ Inelastic Excitation 

Ptolemy is capable of doing DWBA calculations for inelastic-
scattering reactions. The collective-model form factor is used for 
the nuclear part of the effective interaction. Only one nucleus 
may be excited in the reaction and that nucleus must initially have 
spin zero. The multipolarity (refered to as Lx) of the excitation 
must be greater than zero, but is otherwise not limited. The 
effective interaction that causes the excitation is the radial 
derivative of the Coulomb and both real and imaginary nuclear parts 
of an optical potential. Usually this optical potential will be 
that of the incoming channel, but a different potential may be 
used. 

A - Specifying t.he Phj^sical Problem 

In a standard Ptolemy calculation of an inelastic-scattering 
reaction, the input will be in the following order: 

1) Masses, charges, etc., of the 4 nuclei. 
2) Grid and other calculation-control parameters. 
3) Optical potentials for the two scattering states. 
4) Optional potential changes for effective interaction. 

Variations of this order are possible: item 4) is not required and 
item 2) may be spread among the other items. 

In more detail a typical Ptolemy input deck for inelastic 
excitation will look like 

REACTION: reaction definition, ELAB = ... 
PARAMETERSET ...., other parameter specifications 
INCOMING incoming optical parameters ; 
OUTGOING outgoing optical parameters ; 
Effective-interaction parameters (optional) 

RETURN 

Here the keywords INCOMING, and OUTGOING indicate which potential 
parameters are being entered. The semicolons indicate that the 
complete potential has been derined and that Ptolemy is to go ahead 
with that stage of the computation (the semicolons are actually 
part of the input). The final semicolon indicates that all of the 
computational parameters have been entered and that the DWBA calcu­
lation should begin. Of course each of the potential 
specifications will in general require more than one input line. 
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the reaction is 
the 
Some 

examples wi 

EEACIION: 48CA(C12, 12C)CA43 (2* 3.83) 
REACTION = 208PB(160, 160(6.13, 3-))208PB 

All four nuclei must be included in the REACTION specification and 
the complete reaction specification must be on the same input line 
as the REACTION keyword! Excited state information ^- |^f osed in 
parentheses with no spaces or other F'̂ '̂ '̂ tuation separating the 
nuclear symbol and the left parenthesis. Except as has been other­
wise indicated, blank spaces and commas may be freely used to make 
?he reaction specification more readable. See the description of 
the CHANNEL keyword (page 33) for details concerning the nuclide 
symbols and excited-state specifications. 

The EEACTION keyword results in the definition of the atomic 
mass, charge, spin, and excitation energy of the four particles. 
Individual data values defined by the REACTION keyword may be over­
riden by the use of other keywords or the EEACTION keyword may be 
omitted and all of the particle definitions entered via ether 
keywords. These keywords are described m the chapter on transfer 
reactions (page 62). 

The scattering energy is entered by either of the keywords 
ELAB or ECM followed by the energy in .leV. In both cases the 
energy refers to the incident kinetic energy; the outgoing energy 
is determined from the Q value of the reaction. The excitation 
energy is normally used by Ptolemy to determine the Q value of the 
reaction. If desired, a different Q value may be entered by using 
the keyword Q followed by the value in MeV. 

The optical potentials for incoming and outgoing states are 
entered using the potential defining keywords of Sec. IV-B. The 
keywords INCOMING and OUTGOING indicate which state is being 
defined and a semicolon (;) is used to indicate the end of a 
particular definition. There are no default values for the radius 
or diffusness parameters. The well depths are all zero by default. 
The potential parameters used for the incoming state will also be 
used for the outgoing state unless they are explicitly overriden. 
The laboratory energy corresponding to the outgoing scattering 
energy is used for the outgoing scattering parameters so that the 
same keyword values will give sligiitly different potentials in the 
incoming and outgoing channels if an energy dependence is speci­
fied. As an example, the input lines 

INCOMING V=50 VI=25 R0=1.2 A=.5 RC0=1.2 ; 
OUTGOING ; 

define the same optical potential for both tne incoming and 
outgoing states. Since the radius and diffuseness of the imaginary 
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potential are not given, they are choosen to be the same as those 
of the real potential. 

At present spin-orbit forces may not be used in the scattering 
states of DWBA calculations. 

The effective interaction for the inelastic excitation is: 

H(r) = -BETA * [ R« *d(Vreal)/dr + RI •*d (Vimag)/dr ] 
+ BETAC + RC * 3ZA*ZBIGA*e2/(2Lx+1) * f (r) , 

where 

/ f(r) = r**Lx / RC** (Lx+2) r < RC 
= RC**(Lx-1) / r**(Lx + 1) r > EC . 

Here E' i s the nuclear radius of the nucleus that i s being excited: 

E' = RO * A ' * * ( 1 / 3 ) 
E I ' = EIO • A'** ( 1 / 3 ) 
E C = RCO * A ' * * ( 1 / 3 ) 

where the fiO are the radius parameters used in the effective inter­
action. The atomic weight of the excited nucleus is denoted by A' 
(A' = MA or A* = MBIGA). The quantities BETA*R', BETA*EI', and 
BETAC*RC' are the so-called deformation lengths of the excited 
nucleus. The definition of f (r) is that obtained from a multipole 
expansion of a point charge interacting with a uniform sphere of 
charge. Note that the full EC (not RC) appears in f (r) . 

The dimensionless Coulomb and nuclear deformation parameters 
may be entered with the keywords BETAC and BETA respectively. 
Alternatively the Coulomb deformation may be specified by the 
keyword BELX which enters the b(E, Lx), in units of e2barn**Lx, for 
the corresponding electromagnetic excitation process: 

BELX = B(E, excitation) t 
= [2J (final)+1 ]/[2J (initial)+1 ] B(E, decay) . 

The value of BETAC is then computed from 

BETAC = 4*Pi/(3*Z) * sqrt (BELX) * (10/BC')**Lx 
* sqrt([ 2J(initial)+1 J[2Lx+1 J/[2J(final)+1 ]} , 

where Z is the atomic number of the excited nucleus and EC (in fm) 
is defined above. If both BETA and BETAC (or BELX) are not speci­
fied, then the missing parameter is chosen such that the 
deformation lengths are equal: 

BETA*R' = BETAC*RC , 

where R' i s the nuclear radius of the excited nucleus. 
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The o p t i c a l p o t e n t i a l t h a t appears in t h e J ^ f J J j ' „ ^ j f 1 ^ ^ ^ . 
n ° : a j % : ^ L d r . i r d \ , - r n ? : r f n , " d i ^ . : r e n r t n t i p a r a m e t r s a f t e r 

-rarerer1rn^rL^:ffnre.rits-^.^i;e'if?^e-in^Linrrt^^r.iU 

be used. Thus 

INCOMING V=50 VI=20 R0=1.2 A=.65 RC0=1.2 ; 
OUTGOING ; 
VI = lE-6 ; 

will result in the effective interaction being ^^?^^^j^^Jy/^^Ji 
(Note that it is unfortunately not possible to redefine the weii 
depths to be exactly zero.) 

B - Controlling the Calculation 

The keywords LMiN and LMAX, or LMINMULT, LMINSUB, LMAXMULT, 
and LMAXADD determine the range of L-values for which both the 
nuclear and Coulomb excitation amplitudes are computed. These 
keywords are explained on page 38, and reasonable values may be 
found in Table II below. The Lcritical used in the formulas on 
page 38 is the average of the critical L-values in the incoming and 
outgoing channels. 

The Coulomb excitation amplitudes generally must be found for 
much larger values of L than the LMAX used for the nuclear ampli­
tudes. Using a semi-classical approximation+, Ptolemy estimates an 
Lmax' such that the Coulomb amplitudes are negligible. The keyword 
DWCUTOFF may be used to control this choice; the choice is made 
such that 

I Amplitude(Lmax') I = DWCUTOFF * 1 Amplitude (Lcritical) | , 

where both amplitudes are the pure Coulomb amplitudes. Pure 
Coulomb excitation amplitudes (evaluated using Coulomb scattering 
wavefunctions) are used for LMAX < L < Lmax'. 

For LMIN < L < LMAX, the nuclear and Coulomb amplitudes are 
evaluated as a one-dimensional integral over the range SUMdIN < r ̂  
SUMMAX. The Coulomb contribution for SOMMAX < r < infinity is 
then evaluated using the asymptotic expansion described later. The 
lower limit (SUMMIN) is usually picked as that value of the radial 
coordinate beyond which the elastic scattering wavefunctlon for 
laiN exceeds lO-^s in magnitude. The upper limit (SUMMAX) is 

I + K. Alder, A. Bohr, T. Huss, B. Mottelson and A. Winther, Rev. 
I Mod. Phys. 28, 432 (1956), Eq II E.83. 
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chosen to be the value of ASYMPTOPIA specified for the scattering 
wavefunctions. These two choices may be overridden with the 
keywords SUMMIN and SOMMAX, but there should be no need to do so. 
The number of Gauss points used in the one-dimensional integral is 
specified by the keyword SUHPOINTS which gives the number of points 
to use per average wavelength in the incoming and outgoing chan­
nels. SOMPOINIS does not need to be an integer. The Gauss points 
are mapped into the interval (SUMMIN, SOMMAX) using mappings 
defined on page 66 wnich are controlled by the keywords MAPSOM, 
GAMMASUM, and SUMMID. The default value of SUMMID is the midpoint 
of the (SUMMIN, SUMMAX) interval. There should never be any need 
to override the default mapping procedure. 

The computation outlined in the previous paragraph leaves the 
following Coulomb excitation integrals to be evaluated: 

1) Lmin < L < Lmax , SUMMAX < r < infinity ; 
2) Lmax < L < Lmax' , 0 < r < infinity . 

In case 1) it is necessary to do these integrals for both the 
regular and irregular Coulomb wavefunctions; linear combinations, 
based on the elastic incoming and outgoing S-matrix elements, of 
the resulting amplitudes are then used. For case 2) we assume that 
the scattering is determined by the point Coulomb charges alone and 
only the regular Coulomb wavefunctions are used. 

In both cases the required Coulomb excitation amplitudes are 
found by recursion relations on L. These recursion relations are 
quite fast and are reasonaoly stable. The starting values of the 
recursion relations are found by a combination of numerical inte­
grations and an asymptotic expansion* for integrals of Coulomb 
wavefunctions and inverse powers of r. The numerical integrals are 
done cycle by cycle until the asymptotic expansion may be used; the 
number (which must be an integer) of Gauss points used in each 
wavelength is entered using the keyword NPCOULOMB. The relative 
accuracy required of the asymptotic expansion may be controlled by 
the keyword INELASACC. In addition a test of the recursion rela­
tions is made by explicitly computing the final recursed values. 
If the recursion relation is in error by more than 10*INELASACC, a 
warning message is printed. Seasonable values of NPCOULOMB and 
INELASACC may be found in Table II below. 

The computation of the scattering wavefunctions may be 
controlled with the ASYMPTOPIA and STEPSIZE or STEPSPEE keywords. 
These keywords are defined on page 39. As has just been described, 
the nuclear part of the excitation amplitude is integrated out to 
ASYMPTOPIA; by the use of the asymptotic Belling expansion, the 
Coulomb excitation amplitude is integrated to infinity. 

I • J. A. Belling, J. Phys. B J, 136 (1968). 
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s t a n d a r d groups or 9^^_^-^^---_^t't_^::zr:,:i .^. f h . t a r e s u i t a b l e for 
PAEAI 

TABLE II , 
PAEAMETEESET names and associated ^^1^®%.^°^ 
inelastic scattering calculations. The tirst 
column gives the default values. 

Keyword Default INELOCAl IMEL0CA2 INELUCA3 

0 0 0 
20 30 50 
1.6 2 2.6 
6 8 12 
5 5 5 
10-3 10-* 10-* 
10-3 10-* 10-5 
6 8 10 
20 25 30 
15 20 25 

LMINMULT 
LMAXADD 
LMAXMULT 
SUMPOINIS 
GAMMASUM 
INELASACC 
DWCUTOFF 
NPCOULOMB 
ASYMPTOPIA 
STEPSPEE 

.6 
30 
1.6 
6 
5 
10-5 
10-3 
8 
20 
none 

inelastic excitation calculations. Since the PAEAMETEESET gî oups 
of Tible II define values of ASYMPTOPIA and STEPSPEE that are to be 
used in the two-body states, the PAEAMETEESET keyword should 
precede the definitions of the two-body states. 

C - Reading the Out£Ut 

AS each of the two scattering states are entered, a summary of 
le two-body channel and the potential is printed; this summary was 
sscribed in Sec. IV-E. The computation of the inelastic excita-

th< 
described in Sec. IV-E. The compi 
tion amplitudes is preceded by a page summarizing the reaction. 
This page contains a listing of the nuclei involved in the reac­
tion, the deformation parameters, and the potential parameters used 
for the effective interaction. The column labeled "DEPTH" in the 
latter contains -3*ZA*ZBIGA*e2 for the Coulomb part of the effec­
tive interaction. Next the range of angular momenta (LMIN, LMAX) 
for which both the nuclear and Coulomb amplitudes are computed is 
listed. This is followed with a summary of the one-dimensional 
integration grid that is used to compute the non-asymptotic part of 
these amplitudes. 

Next a summary of the determination of the maximum L value 
(Lmax') needed for the Coulomb amplitudes is given. The maximum 
value required for each (Lx, Lout-Li) pair is given; the maximum of 
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all of these values is then used. Following this summary one or 
more warning messages of the form 

FOR LIN, LOUT = RECURSION IS POOR; 

may be printed. These indicate that the recursed values of the 
Coulomb amplitudes did not compare well with the explicitly 
computed values. Both values are printed in the message. If the 
difference of the two values is not large, or if the values are 
both unusually small, then the message may be ignored. Otherwise 
the calculation should be repeated using a larger value of NPCOU­
LOMB and/or a smaller value of INELASACC. A page labeled 
"INTERPOLATION AND EXTRAPOLATION IN L" contains the line "MAXIMUM 
10 USED IN COMPUTING ...". This line gives the maximum value of L 
(Lmax') for which the Coulomb amplitudes were computed by the 
recursion relations. 

The pages labeled "REACTION AND ELASTIC PARTIAL WAVE AMPLI­
TUDES" give the amplitudes for LMIN < L < LMAX. The columns 
labeled "RADIAL INTEGRAL" give the magnitude and phase (in radians) 
of the inelastic excitation amplitude. This is the amplitude 
defined in Eg. (11.39) except that a factor (BETA+BETAC)/2 has 
been removed. The columns labeled "INCOMING ELASTIC" and "OUTGOING 
ELASTIC" give the magnitudes and phase-shifts (in radians) of the 
elastic S-matrix elements. The Coulomb phase shifts are also given 
in radians. 

The last set of pages give the inelastic excitation cross 
sections. These are given (in millibarns) in a column labeled 
"EEACTION" and are cm. values. The column labeled "LOW L %/L" has 
the significance described in Sec. IV-E, however the column labeled 
"X FEOM L > LMAX" has a quite different meaning from the corre­
sponding column in the elastic scattering output. Here the column 
gives (as a percentage) the total contribution of the (pure 
Coulomb) amplitudes for LMAX < L < Lmax'. It is not to be 
construed as an indication of error. The columns labeled 
"INCOMING/EUTHEriFOfiD" and "OUTGOING/EUTHEEFOED" give the elastic 
cross sections relative to the Rutherford values. 

Following the tabulation of the differential cross sections is 
a line labeled "TOTAL." This line gives the total inelastic exci­
tation cross section (computed by summing the partial-wave 
amplitudes — not by integrating the printed angular distribution) 
and the total reaction cross sections £or the entrance and exit 
channels. Following this line is a breakdown of the total excita­
tion cross section into contributions from each magnetic substate 
(the axis of quantization is the incoming beam direction). 
Although values are listed only for Mx > 0, the listed values for 
Mx > 0 are not doubled. 
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VII - Finite Ranqe DWBA for Transfer Reactions 

Ptolemy can carry out finite range DWBA calculations for 
particle transfer reactions. The reaction may be either stripping 
or pickup, and may involve more than one exchanged orbital angular 
momentum (refered to as Lx). Either the post or prior approxima­
tion may be used, and the effective interaction may include terms 
for the Coulomb part of the bound-state potential, the core-core 
Coulomb optical potential, and the real part of the core-core 
nuclear optical potential. When all these terms are included, the 
descrepency between post and prior calculations is usually less 
than a few percent. Core-core terms for the imaginary part of the 
optical potential may not be included. 

A - S£ecif2inq the Physical Problem 

In a standard Ptolemy calculation of transfer reactions, the 
input will be in the following order: 

1) Masses, charges, etc., of the 5 particles. 
2) Integration grid specifications and L-value ranges. 
3) Potentials for the two bound states. 
4) Optical potentials for the two scattering states. 

Variations on this order are possible; the most likely is the 
spreading of item 2) amoung the other items. 

In more detail a typical Ptolemy input deck will look like 

REACTION: reaction definition, ELAB = ... 
PARAMETERSET ...., other computation parameters 
PROJECTILE projectile bound state parameters ; 
TARGET target bound state parameters ; 
INCOMING incoming optical parameters ; 
OUTGOING outgoing optical parameters ; 

RETURN 

Here the keywords PROJECTILE, TARGET, INCOMING, and OUTGOING indi­
cate which potential parameters are being entered. The semicolons 
indicate that the complete potential has been defined and that 
Ptolemy is to go ahead with that stage of the computation (the 
semicolons are actually part of the input). The final semicolon 
indicates that all of the computational parameters have been 
entered and that the DWBA calculation should begin. Of course each 
of the potential specifications will in general require more than 
one input line. 
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The easiest way to define the Participants in the Reaction is 
to use the REACTION keyword. This keyword is followed by the 
statement of the reaction in standard nuclear terminology. Some 
examples will best illustrate the possibilities: 

REACTION: 48CA(160, I'̂ C) 5 0TI 
REACTION = 208PB(Ol6,15N)Bl209(7/2- .90) 
REACTION PB208(016 15N(3/2, 6.3239))BI209 
EEACTION PB208(16O(2,6.93) 12C)P0212 

All 
th 
as 
parentheses wirn no t>pai.eo UL uuiî ... t- ĵi'̂  .-v̂ j-A ^f ^-h^ 
nuclear symbol and the left parenthesis. An excited state of the 
initial target may not be given in this manner, but any or all of 
the other three particles may have excited state descriptors. See 
the description of the CHANNEL keyword (page 33) for details 
concerning the nucleid symbols and excited-state specifications. 
Except as has been otherwise indicated, blank spaces and commas may 
be freely used to make the reaction specification more readable. 

The REACTION keyword results in the definition of the atomic 
mass and charge of the four particles. The atomic mass and charge 
of the exchanged particle is then computed by subtraction. The 
1975 Oak Ridge Atomic Mass Adjustment and the 1971 Nuclear Wallet 
Cards compilatian+ is then used to find the ground state mass 
excesses and spins of all 5 particles. The ground state mass 
excesses (along with the excitation energies, if given) will be 
used during the bound state computation to find the separation 
energies of the exchanged particle (X) from the appropriate cores. 

Individual data values defined by the REACTION keyword may be 
overriden by the use of other keywords or the REACTION keyword may 
be omitted and all of the particle definitions entered via other 
keywords. The keywords that define the five particles have the 
form "Ki" where "K" indicates what quantity is being defined and 
"i" is a suffix indicating which particle is involved (BIGA, A, B, 
BIGB, or X). The possibilities for K are 

M - The mass in AMU. This need not be an integer. 
Z - The charge. 
J - The spin of the nucleus. 
MXCG - The mass excess of the ground state. 
E* - The excitation energy in MeV. 
MXC - The mass excess of the nucleus ( MXCi = MXCGi + E*i) . 

+ F. Serduke, "Atomic Mass Table," Argonne Internal Report, 1975, 
and private communication. 
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As an example 

MB=15, ZB=7, JB=3/2, E*B=6.3239, MXCGB = .10152 

would define the excited state of ^^B contained in the third 
REACTION example given above. (Alternatively one could have 
entered MXCB = 6.42542 and left out the E*B and MXCGB keywords or 
one could directly enter the proton separation energy at the time 
of the 1*0 bound state calculation and leave out all the mass 
excess specifications.) In the following example 

REACTION: 209BI(16O 12C)213AT, JBIGB = 9/2 

one is supplying the ground state spin of 2i3At which is not in the 
the Nuclear Wallet Cards. 

The scattering energy is entered by either of the keywords 
ELAB or ECM followed by the energy in MeV. In both cases the 
energy refers to the incident kinetic energy; the outgoing energy 
is determined from the Q value of the reaction. 

The Q value may be entered by using the keyword Q followed by 
the value in MeV. If it is not entered it will be found as the 
difference of the two bound state energies. If it is entered then 
it is necessary to define only one of the bound state energies; the 
other will be found using the Q value. Since the REACTION keyword 
results in the definition of both bound state energies, it is 
usually not necessary to enter the Q value. 

The version of the DWBA on which Ptolemy is based uses as the 
effective interaction that induces transfer the potential that 
binds the composite particle at either the projectile or target^ 
vertex. The vertex whose potential is to be used as the effective 
interaction is specified by the keywords USEPROJECTILE or 
USETARGET. USEPROJECTILE indicates that the potential for the 
projectile bound state is the interaction potential; USETARGET 
causes the target potential to be used. The default is 
USEPROJECTILE. Note that we avoid the use of the words "post" and 
"prior" in specifying the interaction vertex. 

The content of the interaction potential is controlled with 
the NOCONLY, USESIMPCOULOMB, USECOULOMB or USECORE keywords. 
NUCONLY means that only the nuclear part of the bound state poten­
tial is used in the interaction potential. (Most published DWBA 
calculations have used this prescription). USESIMPCOULOMB means 
that the full bound state potential at the vertex designated by 
USEPROJECTILE or USETARGET is used. USECOULOMB causes the nuclear 
cotential at the designated vertex to be used with the complete 
three-body Coulomb potential. The inclusion of the Coulomb correc­
tions due to the third particle removes post/prior descrepancies 
from the Coulomb part of the interaction and can result m much 

j closer agreement between USETARGET and USEPROJECTILE results. The 
I keyword USECORE may be used to include both the Coulomb and core-
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Coulomb corrections that are included by the USECOULOMB keyword and 
the core corrections from the real part of the nuclear optical 
potential. Core corrections due to the imaginary part of the 
optical potential (which are typically only a few percent) cannot 
be included. The default is USECORE. Note that DWBA calculations 
are usually somewhat simpler numerically if the interaction is 
attached to the vertex (usually the projectile vertex) involving 
the lighter ions. In a reaction such as 208pb(i6o, i70)207pb 
inwhich the projectile and target differ significantly in mass, a 
USETARGET calculation requires a substantially denser integration 
grid than is required for USEPROJECTILE, however if the USECORE 
option is selected, essentially the same cross sections will be 
found in both cases. 

The spectroscopic amplitudes for the two bound states may be 
entered with the keywords SPAMF and SPAMT. These amplitudes will 
Le squared and multiplied into the cross sections. The default 
values are unity. Alternatively the spectroscopic factors (the 
squares of the amplitudes) may be directly entered using the 
keywords SPFACP and SPFACT. The spectroscopic factors must be 
positive. 

Potential parameters must be entered for each of the two bound 
states and the two scattering states. The potentials are defined 
when the bound state or scattering state is to be computed; the 
same keywords are reused to define the potentials in each of the 
four states. Each of these four two-body states consists of two 
particles that are referred to as the "projectile" and "target" 
(not to be confused with the projectile bound state and target 
bound state). In the scattering states these words have their 
normal meanings; for the bound states the exchanged particle (X) is 
always the "projectile". The potential parameters are defined in 
Sec. IV-B. The laboratory energy corresponding to the outgoing 
scattering energy is used for the outgoing potential parameters so 
that the same keyword values will give slightly different poten­
tials in the incoming and outgoing channels if an energy dependance 
is specified. 

If a given V or TAU is defined in a channel, then its associ­
ated E (or RO) and A must also be defined. At the beginning of 
input for each channel, all V's and TAU's are set to 0 and all R's 
and A's are undefined. However, potential parameters will be 
retained (if they are not overriden) from one bound state to the 
other and from one scattering state to the other. They will not be 
retained from bound states to scattering states or vice-versa. The 
same rules apply to PC and RCO, one of which must be defined for 
the bound states if both 7p and Zt are nonzero. If both RC and RCO 
are undefined for the scattering states, the Coulomb potential of 
two uniform spheres (page 36) will be used. 

At present spin-orbit forces may not be used in the scattering 
states of DWBA calculations. 
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B - The Integration GriJ 
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The Ptolemy integration grid is based on the three variables 
DIF, SUM, and PHI: 

DIF = Ri - Rout , 
SUM = (Ri + Rout)/2 , 
PHI = angle between Ri and Rout. 

Here Ri and Rout are the radial variables in the incoming and 
outgoing elastic channels. The form factor is first integrated 
over PHI. This results in a quantity that, for fixed values of 
CIF, is a smoothly varying function of SUM. However the scattering 
wavefunctions are often rapidly varying functions of SUM. There­
fore the form factor is computed on a rather coarse grid of SUM 
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values and interpolated to a fine grid for ^^^tegration with the 
scattering wavefunctions. The numbers of points m each of the 
qrids on which the form factor is computed are specified by the 
Teyw^rds NPSUM, NPDIF, and NPPHI, -^pectively. These - m b e - may 
have any value between 1 and 2000; typical values will be found in 
Table ?II below. The number of points in the SUM integration grid 
Is specified by the keyword SUMPOINTS which gives the number of 
poinds per average wavelength in the entrance and^exit channel. In 
this manner, the grid automatically^becomes denser as the 
bombarding energy is increased; it is our experience that the other 
three g"ds (controlled by NPDIF, NPSUM and NPPHI) need not become 
denser as the bombarding energy increases. The same three-dimen­
sional grid is used for all values of Li, Lout and Lx. 

The keyword DWCUTOFF is used in the construction of the inte­
gration grids. DWCUTOFF specifies in a relative sense uhe smallest 
integrand (Ri * scattering wave * bound state * potential * bound 
state • scattering wave * Rout) to include m the grid. If the 
Ltegrand at a point (Ri,Rout,PHI) is smaller than DWCUTOFF times 
the largest value of the integrand encountered, that point will not 
be included in the grid. 

The lower and upper limits of the SUM grid are determined as 
the values of SUM for which the integrand has fallen (in a relative 
sense) beneath DWCUTOFF at DIF = PHI = 0. The scattering wavefunc­
tions for L = LMIN are used when finding the lower limit of SUM 
while the wavefunctions for L = Lcritical are used for the upper 
limit. These two limits may be overriden by using the SUMMIN 
and/or SUMMAX keywords to give values (in fm) of the lower and 
upper limits. 

The SUM grid points are mapped into the interval (SUMMIN, 
SUMMAX) in a manner that clusters them about a "midpoint." This 
midpoint is at present chosen to be the expectation value of^SUM 
(weighted by the integrand for L = Lcritical) for DIF = PHI = 0. 
The value of the "midpoint" may be overridden with the keyword 
SUMMID or it may be multiplied by a factor specified by theMIDMULT 
keyword, however the resulting value will always be constrained to 
be not greater than the average of SUMMIN and SUMMAX. 

The form of mapping used for the SUM grid may be controlled by 
the MAPSUM keyword which may have one of the followina values: 

0 - linear mapping with no compression. 
1 - cubic mapping with Sinh compression. 
2 - rational mapping with Sinh compression (default) . 
3 - linear mapping with Sinh compression. 

SUMMAP = 2 gives the best results in the cases so far examined and 
is the default. The degree of compression in mappings 1-3 is 
controlled by the GAMMASUM keyword. Suitable values are indicated 
in Table III below. 
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The DIF grid limits are determined by the values of DIF for 
which the form factor becomes smaller in a relative sense than 
DWCUTOFF. Initially these limits are chosen separately for each of 
the NPSUM values of SUM. Each DIF grid is also mapped about a 
"midpoint" which is chosen to be the location of the maximum of the 
form factor for the fixed value of SUM (and PHI = 0). Since the 
automatic choice of the DIF limits and midpoints seems always to be 
successful, no keywords are provided to override these values. The 
keyword MAPDIF is used to choose the DIF mapping and has the same 
meanings as the MAPSUM keyword. The best value in the cases 
studied is 1 which is the default. The keyword GAMMADIF specifies 
the degree of compression used in the mapping. 

To allow interpolation in the SUM variable, the DIF grid 
points must be smoothly varying functions of SUM. The procedure 
outlined in the previous paragraph does not necessarily produce 
such a grid. Therefore low-order polynomials in SUM are fitted to 
the families of DIF points that are choosen above. These polyno­
mials are then used to generate the DIF points that are actually 
used in the calculation. The order .of these interpolating polyno­
mials may be specified by the VPCLYOEDER keyword; the default is 3 
which is almost always adequate. (The error message 

"INVALID VMIN, VMID, VMAX " 

usually means that VPOLYORDER should be increased, although the 
cross section values are often only slightly affected by this 
error.) 

The PHI maps are individually chosen for each value of SUM and 
DIF. The minimum PHI is always 0 and the maximum is determined as 
the point at which the form factor falls in a relative sense 
beneath DWCUTOFF. For heavy ion reactions this is usually a small 
angle [Cos(PHI) > .99]. The PHI map is a linear map in the vari­
able Cos (PHI) . 

C - Controlling the Calculation 

The keywords LMiN and LMAX, or IMINMUIT, LMINSUB, LMAXMULT, 
and LMAXADD determin the range of L-values for which the transfer 
amplitudes are computed. These keywords are explained on page 38, 
and reasonable values may be found in Table III below. The Lcri­
tical used in the formulas on page 38 is the average of the 
critical L-values in the incoming and outgoing channels. 

Not all radial integrals used in computing the differential 
cross sections need be explicitly computed by Ptolemy. Ptolemy 
will interpolate between computed values and extrapolate beyond the 
largest value of L for which the radial integrals are computed. 
The keyword LSTEP determins which radial integrals are to be 
computed. The radial integrals for 
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Lout = LMIN, LMIN+LSTEP, LMIN + 2*LSTEP, ..., 

(Where the sequence stops at or before LMAX) will be computed. The 
radial inteqrals for all Lx and Li associated with these Lout s 
will be computed. The remaining radial integrals for LMIN S Lout 
< LMAX will then be found by interpolation using continued frac­
tions. The default value of LSTEP is 1 which causes all radial 
integrals from LMIN to LMAX to be computed explicitly. 

in addition Ptolemy will pick an Lmax' > LMAX such that radial 
integrals for Li, Lout > Lmax' are negligible. The radial inte­
grals for LMAX < Li, Lout < Lmax' will be found by extrapolation. 
The extrapolating function used is of Woods-Saxon form m L. Thus 
LMAX must be sufficently beyond the L-window for such a shape to be 
an adequate representation of the radial integrals. The keyword 
MAXLEXTRAPOLATION may be used to limit or completely suppress the 
extrapolation to L > LMAX. It specifies the maximum allowed 
Lmax'-LMAX. If it is set to 0, no extrapolation will occur. The 
default value is 100. 

Since no extrapolation to Li, Lout < LMIN is made, LMIN must 
be small enough to include all important radial integrals. Care 
should be taken to avoid specifying too small a value of LMIN since 
the radial integrals for small Li and Lout are small due to exten­
sive cancellations of the integrand viewed as a function of 
Ri+Rout. In practice these cancellations are hard to reproduce 
without using a large number of Gauss points and the computed 
radial integrals may be much larger than they should be. Thus a 
more accurate solution is often obtained by totally excluding inte­
grals whose contributions are very small but which are hard to 
calculate accurately. 

For a given reaction there will usually be several possible 
values of the transfered orbital angular momentum: 

Lx = Lout - Li = J (projectile) - J(target) . 

Ptolemy will compute the radial integrals for all possible values 
of Lx and add the resulting cross sections together with the appro­
priate Racah coefficients. If only one value of Lx is possible the 
resulting cross section will still be weighted by the Racah coeffi­
cient. If it is desired to have results for only one value of Lx, 
the keyword LX may be used to specify the desired value. 

The computation of the two-body wavefunctions (both bound and 
scattering states) may be controlled with the ASYMPTOPIA and 
STEPSIZE or STEPSPER keywords. These keywords are defined on page 
39. ASYMPTOPIA and STEPSIZE or STEPSPER may be respecified for 
each of the four two-particle states; if they are not reentered, 
the value last entered is used. 

The value of ASYMPTOPIA in effect when the bound states are 
specified is the largest value of Rp or Rt (the radial coordinates 
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of the projectile and target bound-state wavefunctions) at which 
the bound-state wave functions will be found and thus must be large 
enough to satisfy the needs of the integration grid. The largest 
values of Rp and Et used by the integration grid are printed in the 
summary of the grid. 

The largest value of Ei and Eout (the scattering variables) 
will automatically be chosen to be large enough to satisfy the 
needs of the integration grid. However it will never be smaller 
than the value of ASYMPTOPIA in effect at the time of input of the 
optical potentials. Therefor since, as has just been explained, a 
large ASYMPTOPIA is often needed for the bound-state wave func­
tions, substantial core savings may be realized by reducing 
ASYMPTOPIA to as small a value as is physically reasonable for the 
scattering states; it will then te automatically increased to the 
required value. 

The keyword PAEAMETEESET (page 40) may be used to select 
standard groups of grid setting parameters. Table III gives the 
PAEAMETEESET names and the associated values that are suitable for 
transfer calculations. Since the PAEAMETEESET groups of Table III 
define values of ASYMPTOPIA and STEPSPEE that are to be used m the 
two-body states, the PAEAMETEESET keyword should precede the defi­
nitions of the two-body states. The CA60A and CA60B PAEAMETEESET 
names are appropriate for two-nucleon transfer reactions initiated 
by 1*0 on Ca near 60 MeV. The PB100A, PB100B, and PBIOOC 
PAEAMETEESET names are designed for single-nucleon i*0 on Pb reac­
tions near the Coulomb barrier; at bombarding energies of several 
hundred MeV, larger values of LSTEP may be used. The ALPHAI, 
ALPHA2 and ALPHA3 sets were designed for (i*0, 12c) reactions on 
targets around 24Mg. 

Table III shows that as one increases the numbers of grid 
points, one should also reduce DWCUTOFF so as to include more of 
the integrand in the computation. This reduction m turn means 
that ASYMPTOPIA may have to be made larger. The larger intervals 
that result from the smaller DWCUTOFF will also result in the Gauss 
points being spread out further so that the same number of points 
will give reduced accuracy. The ALPHAi sets have significantly 
larger NPSUM and NPDIF values than the other sets. These are due 
to the facts that the alpha-core bound state wavefunctions have a 
large number of nodes, and that the DIF grids for alpha transfer 
extend further than for than for one- and two-nucleon transfer. 

It is strongly suggested that for each substantially new 
problem, the user make calculations with several different sets of 
grid parameters to verify that convergence has been achieved. Many 
nodes in the bound-state wavefunctions, a strong dependence on L 
(such as is obtained with surface transparent potentials) of the 
elastic scattering wavefunctions, poorly matched reactions, and 
transfers of heavy clusters are all examples of cases in which 
modifications of the parameter sets may be necessary. 
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TABLE III 
PAEAMETEESET names and associated values for DWBA transfer 
calculations. The first column gives the default values. 

Keyword Default CA60A 

1 LSTEP 
1 DWCUTOFF 
1 SUMPOINTS 
1 NPSUM 
1 NPDIF 
1 NPPHI 
1 LMINSUB 
1 LMINMULT 
1 LMAXADD 
1 LMAXMULT 
1 GAMMASUM 
1 GAMMADIF 
1 ASYMPTOPIA 
1 STEPSPER 

D -

1 
10-3 
6. 
15 
10 
10 
20 
.6 
30 
1.6 
5. 
5. 
20 

none 

Keyword 

LSTEP 
DWCUTOFF 
SUMPOINTS 
NPSUM 
NPDIF 
NPPHI 
LMINSUB 
LMINMULT 
LMAXADD 
LMAXMULT 
GAMMASUM 
GAMMADIF 

3 
10-2 

6. 
10 
10 
10 
10 
.6 
15 
1.5 
5. 
5. 
20 
12 

ASYMPTOPIA 
STEPSPER 

Saving Time an 

CA60B 

2 
10-3 

6. 
15 
13 
12 
15 
.5 
20 
1.7 
5.. 
b. 
25 
20 

ALPHAI 

2 
10-3 

6. 
40 
25 
12 
10 
.6 
15 
1.5 
3. 
5. 
20 
12 

PB100A 

5 
10-3 

2. 5 
10 
8 
10 
12 
.86 
30 
1.6 

10-3 

3. 
45 
8 

ALPHA2 AI 

1 
10-* 
7. 
50 
30 
14 
15 
.5 
20 
1.7 
3. 
5. 
25 
20 

d core with SAVEHS 

PB100B 

4 
3*10-3 
3. 

15 
10 
12 
16 

.78 
35 
1. 8 

10-3 
3. 
50 
12 

.PHA3 

1 
10-5 

8. 
70 
35 
16 
20 
.4 
25 
2.0 
3. 
5. 
30 
25 

and USEHS 

PBIOOC 

3 
10-* 
3.5 

20 
14 
16 
20 

. 70 

40 
2. 0 
1 0-3 
3. 
55 
1 6 

I Almost all of the time in a large DWBA calculation is devoted 
I to the form factor integral: 

I H(Ri,Rout) = Integral d(PHI) (B.S. Veff B.S.) 
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These quantities are independent of both the optical potentials and 
the scattering energy. Most DWBA studies are principally concerned 
with the effects of variations in the optical potentials. Thus it 
is reasonable to save the computed H's in a dataset for reuse with 
different optical potentials. If a study is being made at a number 
of relativly close energies, time can also be saved by making one 
large calculation containing all of the orbital angular momenta 
needed for all of the energies, and then in subsequent jobs using 
subsets of the resulting dataset. Ptolemy provides two keywords, 
SAVEHS and USEHS, to allow the form-factor integrals to be saved. 

The SAVEHS keyword is used to initiate the saving of the inte­
grals over PHI of the form factor. These integrals may then be 
reused in later calculations with different optical potentials at a 
considerable saving in CPU time. The SAVEHS keyword must be 
entered before the first semi-colon and should be entered after the 
HEADER and EEACTION keywords if they are used. If SAVEHS is used 
the Fortran file (DD name) FT01F001 must be defined (see Appendix 
C). 

The USEHS keyword is used to indicate that the H-integrals 
saved in a previous calculation with the SAVEHS keyword are to be 
reused. USEHS must be entered before the first semicolon. If it 
is used, the REACTION, LSTEP and all grid-setting keywords should 
not be specified again. The bound state potentials must not be 
entered; rather the definitions of the new optical potentials 
should directly follow the USEHS keyword. These definitions are 
then followed by the final semicolon indicating that the DWBA 
calculation is to begin. Thus a typical USEHS run has the form 

USEHS 
INCOMING potential definition ; 
OUTGCING potential definition ; 

t 

RETURN 

If ELAB, LMIN, and/or LMAX are not specified, the SAVEHS 
values will be used. However new values of these parameters may be 
specified in the USEHS run. If different values are to be speci­
fied; they must be given after the USEHS keyword. If a different 
LMIN is specified, the user must insure that it was one of the 
values explicitly computed in the SAVEHS run [i.e. that LMIN = 
LMIN(SAVEHS) + n*LSTEP]. If a new value of ELAB is specified, the 
SUM grid will not be the optimal grid since it was chosen for a 
different energy. In cases in which it is desired to do USEHS runs 
at different energies, the SAVEHS run should be made at the maximum 
energy to be used. It should be made with more SUM points than 
would be necessary for a calculation at a single energy. Also the 
automatic choice of LMIN will have to be reduced. 

Since the large arrays used for the angular transforms in the 
form-factor integral do not need to be constructed for USEHS calcu­
lations, there are also substantial core savings in USEHS jobs. 
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All but the largest USEHS calculations can be made within the 
Argonne express limits of 250K and two minutes of /195 CPU ana wait 
time. It is suggested that during a study of a given set of reac­
tions, a SAVEHS run be made for each different reaction, and the 
results stored on the on-line disks. The effects of different 
optical potentials may then be quickly and cheaply studied tor all 
the reactions using USEHS jobs. When the study is complete, the 
SAVEHS datasets may be copied to a tape for long-term storage. 

E - Readinq the Out£Ut 

As each of the bound states and elastic scattering states are 
entered, a summary of the two-body channel is printed; the format 
of this summary has been described in Sec. IV-E. When the fifth 
semicolon is entered, a summary of the reaction is printed. This 
summary lists the nuclei involved, the bound-state properties, and 
the spectroscopic factors. The Q-value of the reaction is also 
printed. If the Q-value or the bound-state or outgoing scattering 
energies were explicitly entered by the user, then the differences 
of the bound-state energies and of the scattering energies may not 
be the same, or they may not be equal to the Q-value. Under these 
circumstances an appropriate warning message is printed, however 
the calculation proceeds with the bound-state and scattering ener­
gies that were listed in the previous summaries. After the 
bound-state properties, the content of the effective interaction, 
as determined by one of the keywords NUCONLY, USESIMPLECOUL, 
USECOULOMB, or USECORE, is listed. 

The range of I's and the increment of L for which the radial 
integrals will be explicitly computed is then listed. The range of 
transfered orbital angular momenta is also given. 

A several-line summary of the three-dimensional integration 
grid is then given. The lines give the number of Gauss points used 
for, and the extent of, each dimension of the grid. The entry 
under "NUM. PTS." for (RI+R0)/2 gives the number of Gauss points 
used in the integrals involving the wavefunctions, and is deter­
mined by the value of SUMPOINTS; the form factors are found at 
these points by interpolation. The number of points in the 
(RI+R0)/2 grid at which the form factors are evaluated (NPSUM) is 
given in parentheses at the end of the (RI+R0)/2 line. The warninq 
message 

INVALID VMIN, VMID, VMAX ... 

may precede the integration grid summary; it is explained m Sec. 
VII-B. Two lines of the form 

MAXIMUM R'S USED FOR ... 
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give the maximum radial coordinate values for which each of the 
bound-state and scattering-state wavefunctions will be used in the 
three-dimensional integrals. The corresponding values of 
ASYMPTOPIA may be reduced to approximately 5 fm greater than these 
values in future calculations. If the bound state ASYMPTOPIA prove 
to be limiting factors in the grid construction, the warning 
message 

ERROR BOUND STATE WAVEFUNCTIONS NEEDED .... 
IN FUTURE RUNS INCREASE ASYMPTOPIA TO .... 

will be printed. The calculation should be repeated with an 
increased value of ASYMPTOPIA for the bound states since the radial 
integrals computed with the smaller grid may not be accurate. The 
increased value should be at least 5 fm "larger than the values 
printed in the warning message. 

If (as is suggested) PRINT=2 has been specified, one or more 
pages labeled "COMPUTATION OF RADIAL INTEGRALS" will next be 
printed. These pages contain only those radial integrals that are 
explicitly computed; the radial integrals for even Lout are printed 
first. Three columns give the real and imaginary parts and the 
magnitude of the radial integrals. These are followed by two 
columns labeled "CANCELLATIONS;" the second of which is not pres­
ently used. The first column gives an indication of the numerical 
cancellations that occurred in the d(Ri) d(Ro) integral and is 
defined as 

Integral d(Ri,Ro) Ri Ro | f(out) H f(in) | / 
I Integral d(Fi,Ro) Ri Ro f(out) H f (in) | 

where the denominator is just the radial integral. The entries in 
this column are usually quite large (>100) for the smaller values 
of L, since these radial integrals are small by virtue of large 
cancellations. However the values for L > Lcrit are usually less 
than 5, indicating that there was not much difficulty associated 
with these radial integrals. If all of the entries in this column 
are greater than 10, then the reaction is in some way poorly 
matched, and the convergence of the computed cross sections should 
be carefully checked. 

The page labeled "INTERPOLATION AND EXTRAPOLATION IN L" gives 
a summary of the extrapolation of the radial integrals from LMAX to 
lmax'. The value of Lmax' is printed in the line "MAXIMUM LO USED 
...". This line may be preceded or followed by a number of warning 
or error messages indicating difficulties in the extrapolation to 
lmax'. These difficulties are usually associated with the fact 
that some (Lx, Lin-Lout) combinations are poorly matched and the 
computed radial integrals contain large errors. If the errors are 
large enough, the computed radial integrals will not have the 
correct asymptotic form, and it will be impossible to fit the 
extrapolating function to them. If the extrapolated radial inte­
grals will have a negligible effect on the computed differential 
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cross sections, then these error messages may be ignored. An 
indication of this may be found in the table labeled "SUMMARY OF 
EXTRAPOLATION PARAMETERS" that is printed at the end of this page. 
The (IX, Lin-Lout) combinations that could not be extrapolated have 
zeros in the columns that give the extrapolation parameters. The 
columns labeled "PEAK" give the Lout for which the radial integrals 
with the printed values of Lx and Lin-Lout have their maximum 
magnitude and that maximum magnitude. It the maximum magnitude is 
small compared to other maximum magnitudes, then the extrapolated 
values (which are usually at least a factor 10 smaller) are prob­
ably negligible and the failure to be able to extrapolate may be 
safely ignored. 

The pages labeled "EEACTION AND ELASTIC PARTIAL ..." give all 
of the radial integrals and the elastic S-matix elements for LMIN 
< L < LMAX. The format of these pages was explained in Sec. VI-C. 

Finally the cross sections are given on the pages labeled 
"COMPUTATION OF CEOSS SECTIONS." Most of the entries on these 
pages were also explained in Sec. VI-C, and only the differences 
will be given here. The column labeled "% FEOM L > LMAX" gives (as 
a percentage) the contribution to the cross section from the radial 
integrals for LMAX < L < Lmax'. Our experience is that this 
contribution is usually accurate to somewhat better than 10%. Thus 
if at a given angle the entry is 5%, one may assume that the extra­
polation procedure introduced an error of less than 0.5% to the 
differential cross section. If more than one Lx can contribute to 
the reaction, there will be columns giving the differential cross 
section for each Lx; the cross section in the second column is the 
sum of these partial cross sections. Of course the spectroscopic 
factors are included in all cross sections. 
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VIII - Control Keywords 

In this section we describe some of the control keywords that 
are available in Ptolemy. These keywords may generally be placed 
anywhere in the Ptolemy input and they usually cause some sort of 
immediate action; they are not followed by a semi-colon. These 
keywords are listed more or less in decreasing order of interest; 
all of them except EETUEN are optional. 

The EETUEN keyword should be used as the last keyword in every 
Ptolemy job. It causes allocator statistics to be printed and then 
returns control to the operating system. 

The HEADEE keyword may be used to enter a header that will be 
printed on the top of most pages of the Ptolemy output. Tne header 
will consist of the remainder of the input line beginning with the 
first alphanumeric following the HEADEE keyword. In addition the 
EEACTION specification (if it is entered) and the laboratory energy 
will always be part of the header. 

The KEEP keyword is used to keep Ptolemy results in a form 
suitable for later recovery with the Speakeasy KEPT command. A 
Speakeasy KEEP dataset must be allocated to the file (DD name) 
MYKEEP if the KEEP keyword is to be used. Appendix C shows the JCL 
required to make such a dataset and to include it in the Ptolemy 
job. KEEP must be followed by two names: the first is the Ptolemy 
name of the item to be kept and the second is the name under which 
it is to be saved in the dataset. This second name must be 
different from all other names already in the dataset or else the 
new object will replace the previously kept object. The following 
is a list of the Ptolemy names of the objects the user is most 
likely to want to keep: 

ANGLEGEID - A 3-element array containing ANGLESTEP, ANGLEMIN 
and ANGLEMAX. 

CEOSSSEC - The differential cross section on the (ANGLEMIN, 
ANGLESTEP, ANGLEMAX) grid. For DWBA calculations this 
contains the reaction cross section. For stand-alone 
elastic scattering it contains the elastic differential 
cross sections. In both cases it is in rab/sr. 

TORUTHEEFORD - The ratio of the elastic scattering differen­
tial cross section to the Eutherford cross section. 
This array is produced only in stand-alone elastic scat­
tering. 

LXCROSSSECTION - A Num (angles) X Num(Lx) array containing the 
DWBA cross sections for each Lx (summed over Mx) at each 
angle. 
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MXCEOSSSECTION - A Num(angles) X Num(Li,Lx) array containing 
the DWBA cross sections for each (Lx, Mx) at each angle. 
The order of the columns is 

(Lx,Mx) = (Lxmin,0) , (Lxmin,1), ..., (Lxmin,Lxmin) , 
(Lxmin+1,0), ..., (Lxmax,Lxmax) . 

This array is available to KEEP only if the keyword 
SAVEMXCBOSS (see below) has been entered. 

IMAG and IPHASE - The magnitude and phase of the radial inte­
grals. These two objects are each Num(L) X Num(Li,Lx) 
arrays. The arrangement of the columns is such that 
I(Lx, Li, Lout) is indexed as IMAG(j,k) and IPHASE(j,k) 
with 

j = Lout-LMIN+1 
k = [ (Lx+Lxmin+1) (Lx-Lxmin) + Lx + Li-Lout ]/2 + 1 

B - A Num(angles) X Num(Li,Lx) complex array containing the 
B(Lx, Mx, theta) of Eq II.xxx or 11.56 for each (Lx,Mx) 
at each anqle. The columns have the same order as for 
MXCEOSSSECTION. This array is available for KEEP only 
if the SAVEB keyword (see below) has been entered. 

SIN - The elastic S-matrix elements in the incoming channel. 

SOUT - The elastic S-matrix elements in the outgoing channel. 

WAVEE, WAVEI - The real and imaginary parts of the most 
recently computed elastic scattering wavefunctlon. 

PHIn - The n'th bound state wavefunctlon. 

HEADEE - A character array (up to 65 characters) containing 
the HEADEE. 

EEACTION - A character array (up to 45 characters) containing 
the REACTION or CHANNEL specification. 

ELAB - A scalar with the laboratory energy. 

The following symbols were used in the above definitions of 
the objects for the KEEP command: 

Lxmax Maximum Lx (transfered L) 
Lxmin Minimum Lx 
Num (angles) Number of angles 
Num(L) Lmax'-LMIN+I 
Num(Lx) Lxmax-Lxmin+1 
Num(Li,Lx) [ (Lxmax+Lxmin+2) (Lxmax-Lxmin+1) ]/2 (This 

expression does not take into account abnormal 
parity restrictions but it is always the 
correct expression to use.) 
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The SAVEMXCROSS keyword may be entered to cause the DWBA cross 
sections for every (Lx, Mx) and angle to be saved. The SAVEB 
keyword may be entered to cause the B(Lx, Mx, theta) to be saved 
for every (Lx,Mx) and angle. The resulting objects (MXCEOSSSECTION 
and B) may then be stored using the KEEP command. The defaults are 
NOSAVEMXCROSS and NOSAVEB. 

The WRITENS command is an alternative method of storing 
objects that are in the Ptolemy allocator for use by other 
programs. The command is followed by the name or number of an 
object in the allocator. The object will be written on Fortran 
unit 15 using a (IX, 4G17.8) format. If this command is used, a DD 
card defining DD name FT15F001 to be a card-image dataset must be 
part of the JCL used to invoke Ptolemy. The names and structures 
of the available objects are given in the description of the KEEP 
command above, however two-dimensional objects will be written as 
the transpose of the Speakeasy formats given above. 

The NEWPAGE keyword may be used to cause subsequent Ptolemy 
output to beqin on a new paqe. It will probably be used only if 
several stand-alone two-body calculations are being done. 

The KEYWORDS keyword may be used at any time to cause a 
listing of the current settings of all data-entering and option-
choosing keywords. It is suggested that it be used at the end of 
all runs to provide a verification of the parameters and options m 
effect. The LISTKEYS keyword will list the names of all valid 
keywords. It is useful in TSO applications to check the spelling 
of a keyword. 

The UNDEFINE keyword may be used to set the status of a 
keyword to "undefined." It is followed by the name of the keyword 
that is to be undefined. The most likely use of UNDEFINE is to 
undefine a potential radius (R, RI, etc.) during stand-alone calcu­
lations so that it will automatically be computed from the 
corresponding radius parameter (RO, RIO, etc.) the next time it is 
needed. One may also want to undefine STEPSPER after the use of 
PARAMETERSET, so that a specific STEPSIZE may be entered. 

The NSCATALOG keyword may be used at any time to provide a 
list of the names and sizes of all currently defined objects m the 
allocator. It will also give the NSSTATUS output. 

The NSSTATUS keyword will cause a short summary of the allo­
cator status to be printed. This summary will show the allocator 
size, its current in-use size and the peak in-use size. This 
summary is automatically printed at the end of all Ptolemy :)obs. 

The SIZE keyword may be used to specify the size of the allo­
cator (the Ptolemy work area). If the SIZE value is given as a 
positive number, it is the size in bytes of the allocator. It is 
usually more convenient to enter a negative number which is inter­
preted as the number of bytes of core to leave for other purposes 



78 Ptolemy Chapter 

(such as I/O buffers); the remainder of the available core is used 
for the allocator. The default value of SIZE is -5000. This 
default is generally adequate but may be made closer to zero if no 
KEEP operations are anticipated. If it is to be used, the SIZE 
keyword should be on the first line of Ptolemy input. 

The DUMP or NSDUMP keywords may be used to print an object in 
the allocator. They are followed by the name or number of the 
object to be printed. 

The RESET keyword may be used to cause Ptolemy to be set back 
to its initial status. The complete allocator is cleared and all 
keywords are set to their default values. However the allocator 
size may not be changed after a RESET. The use of RESET allows 
several independent calculations to be made in one job. If it is 
desired to do a SAVEHS calculation and immediately follow it with 
several USEHS calculations, each USEKS step should be preceded with 
a RESET. 

The CLEAR keyword causes the aLlocator to be cleared. All 
objects are removed from the allocator. However none of the 
keyword settings are changed. The size of the allocator may not be 
respecified after a CLEAR command. 

The COPY keyword may be used to copy the data in an object in 
the allocator into a second object. The form of the command is 

COPY fromname toname 

where "fromname" must be the name of an object already in the allo­
cator. If "toname" already exists in the allocator and is the same 
size as "fromname," the data in "fromname" will be copied into 
"toname." Otherwise "toname" will be created (or changed to have 
the correct size) and then the copy will occur. In all cases 
"fromname" is not changed. The COPY command may be used to "fool" 
Ptolemy into using a different potential or wavefunctlon in a 
subsequent part of the calculation. 

The RENAME command is used to change the name of an object in 
the allocator. Its form is 

RENAME oldname newname 

where "oldname" must be the name of an object in the allocator. 
The name of this object will be changed to "newname." There must 
not be another object with the name "newname" already in the allo­
cator; if there is, inconsistent results may occur. 

The FREE command is used to delete an object from the allo­
cator and thus make its space available for other objects. The 
command is followed by the name of the object to be freed. If the 
object does not exist, a warning will be printed and processing 
will continue with the next input line. 
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In the WRITENS, COPY, RENAME and FEEE commands the first 
object name may ne replaced with the actual number of the object in 
the allocator. However this practice is not recommended since it 
is difficult to predict the numbers of the objects. 

An object may be added to or changed in the allocator by means 
of the ALLOCATE command. This command has the form 

ALLOCATE name list-of-numbers 

where "name" will be the name of the object in the allocator. The 
number of elements in the list-of-numbers determins the length of 
the object. The numbers may be in any format, with as many or as 
few as is desired per input line. If an object with the name 
"name" already exists, it is replaced with the new object as 
defined by the ALLOCATE command. In this manner one may read in 
arbitrary bound-state wavefunctions after Ptolemy has computed the 
bound-state wavefunctions for a Woods-Saxon potential. The new 
wavefunctions will then be used in a subsequent DWBA calculation. 

The BIMULT keyword causes two objects (they may be the same 
object) to be multiplied together. The form of the command is 

BIMULT namel name2 

where "namel" and "name2" are the names of the two arrays to be 
multiplied together. They must be of the same length. They will 
te multipied together in an element-by-element fashion and the 
resulting array will te stored in a new unnamed object in the allo­
cator. Its number will be printed in the output. The numbers of 
the input arrays may be used inplace of their names. 

The keyword NUMRNUM may be used to compute the matrix element 
between two wavefunctions of a power of r. The form of the command 
is 

NUMENUM namel power name2 

where "namel" and "name2" are the names (or numbers) of two objects 
in the allocator. They must be of the same length and must be 
wavefunctions that were computed with the present value of 
STEPSIZE. The integer "power" is the power of r that is to be 
included in the integral. The integral 

lntegral(0 to ASYMPTOPIA) dr r**power namel name2 

will be computed and printed. 

The keyword NENLIMS may be used to compute the partial matrix 
element of a power of r. The form of the command is 

NENLIMS namel power name2 start stop 
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where "namel", "name2," and "power" are the same as for NUMENUM. 
The range of the integral is specified by "start" and "stop" which 
are specified in fm. 

The keyword PRINT may be used to control the amount of _ 
I printing that Ptolemy does. It is followed by a five-digit î t̂eger 
I that indicates the amount of printing that is to occur. Each digit 
controls different items of the printed output. The larger the 

I digit, the more information that is printed. The default value is 
I PRINT = 10001 which results in summaries of the input, the radial 
integral phases and magnitudes and the cross sections being 
printed. If the five-digit number is writen as PRINT = TMCXI, the 
significance of the digits is: 

1 = 0 - only print the differential cross sections 
and final fit values. 

1 - (Default) - Print summaries of input, 
magnitudes and phases of the radial inte­
grals and elastic S-matrices in addition to 
output for PRINT=0. F.or fits the initial 
and final values are shown along with a 
summary of the path followed by the fitter. 

2 - Print radial integrals as they are computed 
I and give estimates of their cancellations. 
( This option is strongly recommended as 
I large cancellations are an indication that 
I the convergence should be checked. The 

singular values are printed by the QUAVER 
fitter. 

> 3 - Print debugging information. 

X = 1 - The VJKB amplitudes used to find the crit­
ical L are printed for each L. 

2 - Debugging output is printed by the WKB 
routine. 

C = 1 - Several lines are printed for every chi-
squared function calculation made during 
the course of a fit. Debugging output from 
the Coulomb excitation integrals is 
printed. Work arrays are not freed 
following the radial integral computation. 

2 - Convergence to the bound-state eigenvalue 
is printed. 

4 - Debugging output from the L-interpolation 
is printed. 

M = 1 - The elastic S-matrix element is printed 
every time a scattering wavefunctlon is 
computed. 

4 - Debugging output is produced by the elastic 
wavefunctlon routine. 
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T = 1 - (Default) - Show conversion of FIT data to 
standard form. 

4 - Some debugging output about the transfer 
effective interaction is produced. 

9 - Enormous amounts of debugging output from 
the transfer effective interaction (the end 
has never been seen) are produced. 

The value of PEINT may be changed at any time to effect subsequent 
printing except that in DWBA calculations the value of PEINT that 
was in effect at the time of the specification of the outgoing 
scattering state will determine the printing of the elastic S-ma­
trices during the computation of the radial integrals. 
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Appendix A - List of all Keywords 

The following lists contain brief descriptions and default 
values for all the Ptolemy keywords. Some of these keywords have 
not been discussed in the above text either because they are prima­
rily designed for use in debugging Ptolemy or because it is 
doubtful that the average user will need them. They are all 
included here for completness. The entry "none" under "Default" 
means that the Keyword is initially undefined. If it is not 
defined in the input and is necessary to the calculation, an error 
message will be printed and the job aborted. The entry "none*" 
under "Default" means that the keyword is initially undefined, but 
if it is not defined in the input, an appropriate value will be 
found by Ptolemy. 

The keywords CEOSSSECTION, GRIDSETUP, LINTEPPOL, and RADIALINT 
are vised inplace of the final semicolon to initiate individual 
stages of the DWBA calculation and s.hould not be used in standard 
calculations. If desired the keywords DWBA or NZRDWBA may be used 
before the final semicolon to indicate that a DWBA calculation is 
to be done but they are not, at present, necessary. 

All lengths are specified in fm and all energies are in MeV. 

Reaction-defining Keywords 

Keyword Default Meaning 

BETA none 
EETACOULOMB none 
BELX 
E*i 

ZCM 
ELAB 
Ji 

Mi 

MXCi 

MXCGi 

NOCONLY 

Q 
EEACTION 
SPAMP 
SPAMT 
SPFACP 
SPFACT 

none 
0 

none 
none 
none 

none 

none 

none 

off 

none 
none 
1. 
1. 
1. 
1. 

Nuclear deformation parameter 
Coulomb deformation parameter 
B (E,Lx,excitation) 
Excitation energy in MeV of nucleus i 

(i = A, B, BIGA, BIGB, or X) 
Incoming cm. scattering energy in MeV 
Incoming Laboratory scattering energy in MeV 
Intrinsic spin of nucleus i 

(i = A, B, BIGA, BIGB, or X) 
Mass in AMU of nucleus i 

(i = A, B, BIGA, BIGB, or X) 
Total mass excess in MeV of nucleus i 

(i = A, B, BIGA, BIGB, or X) 
Ground state mass excess in MeV of nucleus i 

(i = A, B, BIGA, BIGB, or X) 
Use only the nuclear part of the B.S. 

potential in the interaction potential 
Q-value in MeV 
Defines reaction in standard notation 
Projectile spectroscopic amplitude 
Target spectroscopic amplitude 
Projectile spectroscopic factor 
Target spectroscopic factor 
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Reaction-defining Keywords 

Keyword Default Meaning 

USECORE on 

USECOULOMB off 

USEPROJECTILE on 

USFSIMPCOUL off 

USETARGET off 

Zi none 

Use Coulomb and real nuclear core 
corrections in the interaction potential 

Use Coulomb with core corrections in the 
interaction potential 

Use projectile B.S. potential as the 
interaction potential 

Use Coulomb of just one B.S. in the 
interaction potential 

Use target B.S. potential as the 
interaction potential 

Charge of nucleus i 
(i = A, B, BIGA, BIGB, or X) 

Two-body State Keywords 

Keyword Default Meaning 

A 
AE 
AESQ 
AI 
AIE 
AIESQ 
ASI 
ASC 
ASOI 
CHANNEL 
E 

EINVERSE 
EPOWERS 
E*P 
E*T 
J 
JP 
I 
M 
MP 
MT 
NODES 
R 
RO 
ROE 
ROESQ 
EC 
ECO 
RCP 

none Real W.S. diffuseness 
0 AE*Elab is added to A 
0 AESQ*Elab2 is added to A 

none Imaginary W.S. diffuseness 
0 AIE*Elat is added to AI 
0 AIESQ*Elab2 is added to AI 

none Surface absorption diffuseness 
none Real spin-orbit diffuseness 
none Imaginary spin orbit diffuseness 
none Specifies a two-body channel, 
none Two-body cm. energy in MeV (ELAB or ECM may 

be used in stand-alone or fits) 
off Energy-dependant pots are in 1/ELAB 
on Energy-dependant pots are in ELAB 

none Projectile excitation energy 
none Target excitation energy 
none Total two-body angular momentum 
none Total projectile ang. mom. (for spin-orbit) 
none orbital angular momentum 
none Reduced mass in MeV/c**2 
none Projectile mass in AMU 
none Target mass in AMU 
none Number of bound state nodes for r > 0 
none Real W.S. radius 
none Real W.S. radius parameter 

0 P0E*Elab is added to RO 
0 R0ESQ*Elab2 is added to RO 

none Coulomb radius 
none Coulomb radius parameter 
none Coulomb radius of projectile 



List of all Keywords 87 

Two-body State Keywords 

Keyword Default Meaning 

RCT none Coulomb radius of target 
RCOP none Coulomb radius parameter of projectile 
PCOT none Coulomb radius parameter of target 
EI none Imaginary W.S. radius 
RIO none Imaginary W.S. radius parameter 
BIOE 0 ElOE*Elat is added to RiO 
RIOESQ 0 RI0ESQ*Elab2 is added to PlO 
ESI none Surface absorption radius 
ESIO none Surface absorption radius parameter 
ESO none Eeal spin-orbit radius 
ESOO none Real spin-orbit radius parameter 
ESOI none Imaginary spin-orbit radius 
BSOIO none Imaginary spin-orbit radius parameter 
SP none Projectile spin 
SPAM none Channel spectroscxjpic amplitude 
ST none Target spin 
lAU 0 Eeal S.O. depth relative to real W.S. depth 
TAUI 0 Imag S.O. depth relative to imaq W.S. depth 
V 0 Peal W.S. well depth 
VE 0 VE*Elab is added to V 
VESQ 0 VESQ*Elab2 is added to V 
VI 0 Imaginary W.S. well depth 
VIE 0 VIE*Elab is added to VI 
VIESQ 0 VIESQ*Elab2 is added to VI 
VSI 0 Surface absorption strength 
VSO 0 Eeal S.O. well depth 
VSOI 0 Imaginary S.O. well depth 
ZP none Projectile charge 
ZT none Target charge 

Calculation Keywords 

Keyword Default Meaning 

ACCURACY 10-12 
ANGLEMAX 90 
ANGLEMIN 0 
ANGLESTEP 1 
ASYMPTOPIA 20 
COULOMBMULT 1. 
LATA 
EELTAVK .05 
DERIVSTEP 10-* 
DWCUTOFF 10-3 

FITACCURACY 10*3 

Accuracy of bound state convergence 
Maximum scattering angle in degrees 
Minimum scattering angle in degrees 
Scattering angle increment in degrees 
Start of asymptotic region 
Determins start of Belling expansion 
Enters experimental data for a fit 
Bound state search step size 
Stepsize for numeric gradient of potentials 
Minimum relative integrand to use in DWBA 
integral; minimum relative Coulomb amplitude 
for excitation 
Required relative accuracy of optical 
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Calculation Keywords 

Keyword Default Meaning 

FITMULTIPLE 
FITEATIO 
GAMMADIF 
GAMMASUM 
INELASACC 
LBACK 
LMAX 
LMAXADD 
LMAXMULT 
IMIN 
LMINMULT 
LMINSUB 
LOOKSTEP 
LSTEP 

LX 
MAPDIF 
MAPSUM 
MAXCOULITER 
MAXFUNCTIONS 

MAXITER 

MAXIEXTRAP 
KIDMULT 
NAITKEN 
NBACK 

NCOSINE 
NPCOULOMB 
NPDIF 
NPHIADD 
NPPHI 
NPSUM 
NUMRANDOM 
REINITIALIZ 

STEPSIZE 

STEPSPER 

STEP1R 
STEP1I 
SUMMAX 

model parameter fit 
500 Meaning depends on optical model fitter in use 

10-* Meaning depends on optical model fitter in use 
5 DIF compression parameter 
1 SUM compression parameter 

10-5 Required accuracy of Coulomb excitation 
none* LMAX-LBACK is start of L-extrapolation 
none* Maximum scattering partial wave L 
30 LMAX = Max( LMAXADD + Lcritical 
1.6 lMAXMULT*Lcritical ) 

none* Minimum scattering partial wave L 
0.6 LMIN = Min( LMINMULT*Lcritical 
20 Lcritical - LMINSUB ) 

250 Number of steps in grid-searching for PHI 
1 Increment of L in. radial integral computations 

In-between values are found by interpolation, 
none Exchanged orbital angular momentum 

1 Gauss-point map type for DIF grid 
2 Gauss-point map type for SUM grid 
80 Max iterations for Belling's expansion 
50 Maximum number of chi. sqr. computations 

allowed in an optical model fit 
10 Max. number of iterations in bound state 

search 
100 Maximum allowed L-extrapolation 
2 SUMMID multiplier 
4 degree of interpolation polynomial 
4 Num. of backward steps in scattering 

wave asymptotic matching 
256 Size of fast-cosine table 

8 Num. points/cycle in Coulomb excitation 
10 Num. of points in DIF grid 
4 Num. of steps to extend PHI grid 
10 Num. of points in PHI grid 
15 Num. of computed points in SUM grid 
0 Num. of random steps for some fitters 
0 Number of iterations between reinitialization 

of the fitter (mainly for POWELL65) 
.1 Step size for solutions of two-body 

differential equations 
none Number of steps per "wavelength" for 

solutions of two-body equations. 
1 Starting value for scattering state dif. eqn. 
1 Startinq value for scatterinq state dif. eqn. 

none* End of SUM grid 

* A value will be computed by the program if one is not given by 
the user. 
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Calculation Keywords 

Keyword Default Meaning 

SUMMID 
SUMMIN 
SUMPOINTS 
VPOLYORDER 

none* Clustering point of SUM grid 
none* Beginning of SUM grid 

6 Num. points/wavelength for SUM grid 
3 Order of interpolating poly for DIF grids 

Control and Option-selectina Keywords 

Keyword Default Meaning 

ALLOCATE 
BATCH none* 
BIMULT 
BOUNDSTATE off 
CHECKASYMP off 

CLEAR 
CMANGLES 
COMPLEXWAVE 
COPY 
CROSSSECTION 
DAVIDON 
DERIVCHECK 
DOASYMPT 
CALLTSO 
DUMP 
DUMPALL 
DUMP2 
DWBA 
ECHO 
ELASTIC 
FIT 

— 
on 
on 
-

off 
off 
off 
on 
-
-
-
-
-

on 
off 
off 

FITE oft 

FITMODE 
FITV 

FREE 
GRIDSETUP 
HEADER 
INCOMING 

1 
on 

-

off 
-

off 

Enter data into the allocator 
Enter batch mode - an error terminates things 
Multiply two arrays together 
Stand-alone bound state is being entered 
Check approach of scattering state to 

asymptotic form 
Clear allocator of all defined objects 
Angle grid is in cm. 
Scattering waves have complex phase 
Copy one object in the allocator into another 
Entering data for DWBA cross section stage 
Use the Davidon variable-metric fitter 
Check the analytic chi. sqr. gradients 
Use Whittaker bound state asymptotic form 
Enter the TSO Command mode 
Print an object in the allocator 
The entire allocator is printed 
Print an integer*2 object in the allocator 
DWBA input is being entered 
Input lines are printed in the output 
Compute cross section in stand-alone scattering 
Do an optical model fit and specify the 
parameters to be varied 
The bound state energy is matched to the 

potential 
Meaning depends on optical model fitter m use 
The depth of the real part of the W.S. 

well is matched to the bound state energy 
Remove an object from the allocator 
Grid setup input is being entered 
Defines the header for subsequent pages 
The incoming scattering state is being 

defined 

• A value will be computed by the program if one is not given by 
the user. 
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Control and Option-selecting Keywords 

Keyword Default Meaning 

KEEP 
KEYWORDS 
LABANGLES off 
IINEAE off 

LISTKEYS 
LMCHOL on 
MINIM off 
NEWPAGE 
NOCHECKASYM on 

NOECHO off 
NOELASTIC on 

NOSAVEB on 
NOSAVEMXCBOSS on 
NENLIMS 
NSCATALOG 
NSDUMP 
NSSTATUS 
NUMENUM 
NZRDWBA off 
OUTGOING off 
PARAMETERSET none 
POWELL65 off 
PRINT 10001 
PRINTFIT 
PRINTWAV 
PROJECTILE off 
QUADEATIC on 
QUAVEB off 
EABIALINT off 
EEALWAVE off 
EENAME 
EESET 

EETUEN 
EOCOED off 
SAVEHS off 
SAVEB off 
SAVEMXCEOSS off 
SCATTEEING off 
SIZE -5000 
SKIPASYMP off 

TAEGET off 

Keep an object for subsequent Speakeasy use 
List all keywords and their present values 
Angle grid is in laboratory 
Only use linear extrapolation in the 

bound state search 
List all keywords 
Use the LMCHOL sum-of-squares minimizer with 
Use the Fletcher variable-metric fitter 
Go to new page for output 
Do not check asymptotic form of scattering 

solution 
Do not print input lines in the output 
Do not compute cross sections in stand-alone 

scattering problems 
Do not save B(Lx^MX,angle) 
Do not save (Lx,Mx) cross sections 
Compute partial overlap of two functions 
List names of all objects in allocator 
Print an object in the allocator 
Print allocator statistics 
Compute overlap of two functions 
Input is for a nonzero-range DWBA 
Input is for the outgoing scattering state 
Specify a group of keyword definitions 
Use the Powell 1965 sum-of-squares minimizer 
Controls amount of printing 
Print present E and V 
Print last computed wavefunctlon 
Projectile B.S. definition is being input 
Use parabolic extrapolation in B.S. search 
Use the QUAVEB guasi-Newton fitter 
Input is for radial inteqration stage 
Eeal scattering waves for real pots. 
Change the name of an object in the allocator 
Initialize for a new calculation - allocator 

is CLEAEed and all keywords set to initial sta 
Terminate Ptolemy 
Use the EOCOED generalized minimizer 
Form factor integrals will be saved 
Save the B (Lx,Mx,angle) for KEEP 
Save (Lx,Mx) cross sections for KEEP 
Input is for stand-alone scattering 
Allocator size in bytes 
Do not use Whittaker function as asymptotic 

form of B.S. wavefunctions 
Input is for Target B.S. 
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Keyword 

TSO 

UNDEFINE 
OSEHS 
WEITENS 
WEITESTEP 

Control and Option-selecting Keywords 

Default Meaning 

none* Operating in interactive mode - errors allow 
corrections and retries 

Set a keyword to undefined status 
off Use previously computed form factor integrals 

Write an object onto Fortran file 15 
none Interval (fm) at which wavefunctions are to 

be tabulated 

Sub-keywords for DATA 

The following are keywords that may appear within the 
paraentheses that follow the DATA keyword. 

Keyword Default Meaning 

0 
ANGLE 
ANGLESHIFT 

CHANNEL 
CMANGLE 
CMSIGMA 
EIAB previous 

value 
EEROR 
LABANGLE 
LABSIGMA 
MBEREOE 
PEECENTEEE 
POLARIZATION 
RENOEMALIZA 

SIGMA 
SIGMATORUTH 

WEIGHT 

c m . angles of the data are being entered 
Amount (in degrees) by which the angles 

are to be shifted in the laboratory frame 
Elastic channel of following data 
Cm. angles of data are being entered 
C m . cross sections in mb are being entered 
Laboratory energy of the data 

Errors have same units as data 
Lab. angles are being entered 
Lab. cross sections in mb are being entered 
Data errors are in millibarns 
Data errors are in percent 
Presently this data is ignored 
A quantity that will multiply each experimental 

cross section 
Data is cross section in mb in ANGLE frame 
Data is ratio of cross section to Rutherford 

cross section 
Each term in the chi-squared sum for the 

present data group is multiplied by WEIGHT 

• A value will be computed by the program 
the user. 

if one is not given by 
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Appendix B - Core and CPU Time Estimates 

Many Ptolemy calculations can be carried out in the Argonne 
Express class limits for the 370/195 of 250K and 2 minutes. 
However large calculations may exceed one or both of these limits 
and in such cases it is useful to be able to estimate the core and 
time requirements of the job. One method of so doing is to compare 
the "Peak Compressed Size" line with the "Allocator Size" line in 
the "Allocator Statistics" that are printed at the end of each job. 
The difference of these two numbers is the amount by which the 
REGION specified on the JOB card may be reduced in future runs of 
similar calculations. The Peak Compressed Sizes and CPU times from 
several jobs with varying conditions may also be used to estimate 
the needs of other calculations. Such rough estimates will almost 
always be adequate for optical model fits and inelastic excitation 
which are usually inexpensive jobs. 

For large transfer calculations, one may want to use the 
following formidable formulas to estimate the job reguirements. 
New users of Ptolemy should not be frightened by these formulas; 
they should simply ignore the rest of this section until they are 
forced to consider it. 

The core size that should be given in the REGION parameter on 
the JOB card is determined by the size of the Ptolemy program and 
associated I/O buffers and by the Peak Compressed Size of the allo­
cator. The first size is at present 90K. The second size is 
composed of a number of pieces, not all of which exist at the same 
time. The principal requirments (in double-precision words) are: 

A. Scattering wave computations: 

6*Max[SUMMAX, ASYMPTOPIA ]/STEPSIZE + 10* (LMAX + Lxmax +1) 

E. Scattering wave interpolations: 

(Lxmax+3.5)*Npsum'*NPDIF 

C Computed radial integrals: 

Num(Li,Lx) * (LMAX-LMIN + LSTEP)/LSTEP 

D. Form-factor integrands: 

NPSUM*NPDIF*(2*NPPHI+1) 

E. A n g u l a r - t r a n s f o r m a t i o n a r r a y s : 

(LMAX+Lxmax+1)/2 * { 9 
+ Max[Lxmax + Max(LbndP, LbndT, Lxmax), LbndP+LbndT+1] 
+ Num(Li,Lx) *(Lxmax+1) *[Min(LbndP, LbndT) + 1] ) 
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F. Elastic S-matrix elements: 

4*(LMAX+Lxmax+1) 

G. Elastic S-matrix elements for extrapolation: 

6*(Lmax'+Lxmax+1) 

H. Interpolated and extrapolated radial integrals: 

4* (Lmax'-Lmin+1)*Num (Li,Lx) 

I. Cross sections: 

Num (angles) * (4 + Lxmax-Lxmin) 

In addition to keywords, the following symbols were used in the 
above: 

Lxmax = Maximum Lx (transfered L); 
Lxmin = Minimum Lx; 
Lmax' = Maximum L for extrapolation; 
LbndP = Projectile bound-state orbital angular momentum; 
LbndT = Target bound-state orbital angular momentum; 
Num(Li,Lx) = [ (Lxmax + Lxmin + 2) (Lxmax-Lxmin + 1) ]/2 ; 
Npsum' = SUMPOINTS*(SUMMAX-SUMMIN)/[ average wavelength] ; 
Num(angles) = (ANGLEMAX-ANGLEMIN)/ANGLESTEP + 1 . 

Using the above pieces, the allocator requirement for either a 
normal or a SAVEHS transfer calculation is estimated as: 

Max[A+B+C+D+E+F, F+G+H+I] + 500 , 

while for a USEHS calculation the estimate is: 

Max[A+B+C+F, F+G+H+I] + 500 . 

In both cases the estimates are in double precision words; one 
should divide by 128 to convert to kilobytes (K). 

The time estimate for a standard or SAVEHS run on the 370/195 
is given in the following formula. Timings on other computers will 
be approximately proportional to this estimate. No estimate is 
given for USEHS runs since they are so fast. 

Time (seconds) = lO-'' * NPSUM*NPDIF*NPPHI * 
[ (LMAX2 - LMIN2)/LSTEP] * 
(LbndP + 1) (LbndT + 1) * 
{ 1.9 + 0.68[ (Lxmax + 1)2 _ Lxmin2 ] } 

This estimate refers only to the time involved in computing the 
radial integrals. The time for computing the scattering wavefunc­
tions and the differential cross sections is usually negligible in 
comparison with this time. 
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Appendix C - JCL for Ptolemy Jobs 

1. JCL at Argonne 

Ptolemy runs that involve no KEEP, SAVEHS or USEHS commands 
may be made with the following JCL on Argonne's 370/195 or the CRC 
370/165: 

//jobname JOB (Fbadge,2,0,2),CLASS=C,REGION=250K 
account card 

// EXEC PTOLEMY 
Ptolemy input 

The above procedure defines FT06F001 as the output file, FT05F001 
as the input, and STEPLIB as CI 09.PHYSICS.LORD which contains the 
current production version of Ptolemy. For large calculations it 
may be necessary to modify the 2-minute time estimate or the 250K 
region estimate on the JOB card. The cost of small calculations 
can be slightly reduced by specifying a REGION of 200K or even 
150K. 

If a KEEP operation is to be made in a Ptolemy run, it is 
necessary to have a Speakeasy Keep dataset. This dataset must be a 
partitioned dataset with RECFM=FB, LRECL=80, and a reasonable block 
size such as BLKSIZE=1680. For ease in Speakeasy KEPT operations 
its name (at Argonne) should be Bnnnnn.SPEAKEZ.DATA where nnnnn is 
the user's badge number. Such a dataset is most easily made by 
logging on to TSO and using the ISPEAKEP command. Once the dataset 
has been made it will last indefinitely so one should not reuse the 
ISPEAKEP command for subsequent Ptolemy runs. Eventually the keep 
dataset will fill up so that from time to time it will be necessary 
to delete members and compress the dataset, or to make new keep 
datasets. When one has a keep dataset, it may be used in Ptolemy 
runs with the following JCL: 

//jobname JOB ... as above ... 
account card 

// EXEC PTOLEMY 
//MYKEEP DD DSN=Bnnnnn.SPEAKEZ.DATA,DISP=OLD 

Ptolemy input 

The SAVEHS and USEHS commands use unformatted Fortran I/O. 
This requires a sequential dataset with the characteristics of 
EECFM=VBS,BLKSIZE=btbb where bbbb is a reasonable size (3b0U tor 
2314 drives or 4200 for 3330 drives). Ptolemy uses a special 
version of the Fortran I/O table that defaults to BLKSIZE=4200 so 
for 3330's it is not necessary to define BLKSIZE. Suitable JCL for 
a SAVEHS job is 
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//jobname JOB ... as above ... 
account card 

// EXEC PTOLEMY 
//FT01F001 DD DSN=Cccc. Bnnnnn.somename, DISP-(NEW,CATL(3) , 
// UNIT=SHRT3330,SPACE=(TRK,(57,19),RLSE),DCB=RECFM-VBS 

Ptolemy input 

This JCL will make a dataset that lasts one week; if it is antici­
pated that the dataset will be used for a longer time, 
UNIT=LONG3330 should be used. In the later case the dataset should 
be deleted when one is done with it. If KEEP operations are to be 
done in the same job, then the MYKEEP DD card should also be 
included (either before or after the FT01F001 DD card). 

USEHS runs may be made with the following JCL: 

//jobname JOB ... as above ... 
account card 

// EXEC PTOLEMY 
//FT01F001 DD DSN=Cccc.BnnnAn.somename,DISP=SHR 

Ptolemy input 

Again the MYKEEP DD card should be included for KEEP operations. 

From time to time, Ptolemy may be used in TSO at Argonne by 
entering the command 

EXEC 'B8&888.CMDPROC(PTOLEMY) ' 

or, if one is a B88888 system user, the command 

PTOLEMY 

may be used. If one intends to do KEEP operations in the TSO 
session, one should invoke Ptolemy with the following two commands: 

ALLOC F (MYKEEP) DA (SPEAKEZ. DATA) 
EXEC »B88888.CMDPROC(PTOLEMY)' 

Ptolemy makes very efficent use of the 370/195 CPU, and runs 10 to 
17 times faster on the /195 than on the /75. Therefore anything 
but trivial Ptolemy calculations on TSO is strongly discouraged. 

2. JCL at Other Installations 

Other installations will not have the Ptolemy catalogued 
procedure used above. The following slightly lengthier invocation 
will therefore be needed: 

// EXEC PGM=PTOLEMY 
//STEPLIB DD DISP=SHP,DSN=name.of.ptolemy.load.dataset 
//FT05F001 DD DDNAME=SYSIN 
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//FT06F001 DD SYSO0T=A,DCB=BLKSIZE=1596 
(optional MYKEEP and/or FT01F001 DD cards) 
Ptolemy input 

The BLKSIZE specified for FT06F001 is suitable for most installa­
tions that use ASP. However, at HASP sites it will probably be 
necessary to use BLKSIZE=133 (this must be specified; it is not the 
default). The optional MYKEEP and FT01F001 DD cards are written as 
in the above examples, except that local conventions for disk 
names, etc., will have to be used. 
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Appendix D - Sample Ptolemy Jobs 

The following is the input for five sample Ptolemy jobs. 
These jobs use standard Ptolemy input sequences and, to reduce 
confusion, do not explore the alternative ways of defining a 
problem. The outputs of these examples are separately available 
from the authors of this report. 

The following is an example of a five-parameter optical model 
fit to data at two energies. The depth of the real part of the 
potential is given an energy dependance while the rest of the 
potential parameters have no energy dependance. All of the poten­
tial radii will be equal to each other throughout the search while 
the real and imaginary diffusenesses will be separately varied. 
The search is first made with computed differential cross sections 
of moderate precision and is then repeated with more accurate 
values. Finally the differential cross sections for the two ener­
gies are printed on a uniform angular grid. 

//EXAMPLE1 JOB (F12345,2,0,2),CLASS=C,REGION=200K,MSGLEVEL=(0,0) 
account card 

// EXEC PTOLEMY 
HEADER: EXAMPLE 1 - A TWO-ENERGY OPTICAL MODEL FIT 
CHANNEL: 160 + 208PB 
FIT ( RO=RIO=RCO A AI V VE ) 
PARAMETERSET ELI 
RO =1.3 A = .5 AI = .5 V = 40, VE = -.2 VI = 15 
DATA ( ELAB=104 ANGLE SIGMATOPU PERCENTER 
$ KOVAR ET.AL. 016 ON PB208 AT 104 MEV 
26.87 1.120 15. 
32.21 0.994 5. 
37.54 1.005 5. 
42.84 1.006 5. 
45.49 1.010 5. 
48.13 1.000 10. 
50.76 1.017 5. 
53.39 1.020 10. 
56.01 1.083 5. 
58.62 1.170 5. 
61-23 1.200 5. 
63.83 1.120 10. 
66.43 0.991 5. 
69.01 0.790 10. 
71.59 0.599 5. 
74.16 0.432 15. 
76.72 0.290 10. 
79.27 0.209 10. 
84.36 0.086 15. 
89 40 0.038 10. 
$ * KOVAR ET.AL. 016 ON PB208 AT $ ELAB = 140 WEIGHT - .3 
10.8 0.932 5.0 
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16.1 
21.5 
27.9 
32.2 
37.5 
42.8 
45.5 
48.1 
53.4 
58.6 

1. 130 
1.050 
1.040 
0.975 
1. 190 
0.877 
0.628 
0.286 
0.061 
0.014 

5.0 
2.0 
2.0 
2.0 
2.0 
2.0 
5.0 
5.0 
5.0 
5.0 

) 

PARAMETERSET EL2 ; 
ELASTIC SCATTERING 
ELAB = 104 ; 
FLAB = 140 ; 
RETURN 

The second example is of inelastic excitation. The B(E2) 
value is used to determine both the Coulomb and nuclear deformation 
parameters. The optical potential in the incoming state will also 
te used in the outgoing state and for computing the effective 
interaction. 

//EXAMPLE2 JOB (F12345,5,0,2),EEGION=200K,CLASS=C 
account card 

// EXEC PTOLEMY 
HEADEE: EXAMPLE 2 - INELASTIC EXCITATION 
EEACTION: 44CA(160, 160)44CA(2+ 1.156) ELAB = 60 
BELX = .0473 
PAEAMETEESET INELOCAl 
INCOMING 
V = 108 EO = 1.207 A = .5074 
VI = 21.2765 EIO = 1.207 AI = .5192 
ECO = 1.2 

OUTGOING 

'; $ THIS FINAL SEMI-COLON STARTS THE DWBA 
RETURN 
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The first transfer sample shows a calculation with no KEEP or 
SAVEHS, USEHS keywords. Note the use of PRINT=2 to cause the 
cancellations in the computed radial integrals to be printed. 
Although both bound states involve a spin-orbit force, it is not 
necessary to specify JP since it can be uniquly determined by 
Ptolemy from the other known spins and the given value of L. 

//EXAMPLE3 JOB (F12345,2,0,2),CLASS=C,REGION=200K,MSGLEVEL=(0,0) 
account card 

// EXEC PTOLEMY 
HEADEE: EXAMPLE 3 - A SIMPLE TEANSFEE CALCULATION 
EEACTION: 208PB(16O 15N)209BI(5/2- 2.84) ELAB = 104 
PAEAMETEESET PB100A 
PRINT = 2 
PROJECTILE 
NODES = 0 L = 1 
RO = 1.20 A=.65 RCO = 1.20 
VSO = 7 . 
f 

TARGET 
NODES = 1 L = 3 
EO = 1.28 A=.76 
VSO = 6 ESOO = 1.09 ASO = .6 

INCOMING 
ECO = 1.3 EO = 1.2802 A = .5975 EIO = 1.2962 AI = .5424 
V = 20 VI = 15 

ODTGCING ; 
; $ THIS FINAL SEMI-COLON STARTS THE DWBA 
KEYWOEDS 
EETOEN 
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In the following example we have both SAVEHS and KEEP 
I commands. The Coulomb radius is not specified for the optical 
I potentials, so a folded Coulomb potential from two uniform charge 
I distributions will be used. 

//EXAMPLE4 JOB (Fl2345,2,0,2),CLASS=C,REGION=220K,MSGLEVEL=(0,0) 
account card 

// EXEC PTOLEMY 
//MYKEEP DD DSN=B21541.SPEAKEZ.DATA,DISP=OLD 
//FT01F001 DD DSN=C109.PIEPER.EXAMPLE4,DISP=(NEW,CATLG), 
// UNIT=SHET3330,SPACE=(TEK, (57,19) ,ELSE) ,DCB=EECFM=VBS 
HEADEE: EXAMPLE 4 - TEANSFEE WITH BOTH SAVEHS AND KEEP 
EEACTION: 208PB(16C 15N)209BI(7/2- .90) ELAB = 104 
SAVEHS 
PAEAMETEESET PB100A 
PRINT = 2 
USECORE 
PROJECTILE 
NODES = 0 L = 1 
RO = 1.20 A=.65 RCO = 1.25 ; 
TARGET 
NODES = 1 L = 3 
EO = 1.28 A=.76 
TAU = .099558 ; 
INCOMING 
V = 50 VI = 50 
EO = 1.317 EIO = 1.293 A = .419 

OUTGOING 

ANGLEMIN = 30 ANGLEMAX = 120 ; 
KEEP CEOSSSEC FITG 
RETURN 

$ 
$ 

FIT 
FIT 

G, 
G, 

104 
104 

MEV 
MEV 
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The final DWEA example is a USEHS run that refers to the 
output of the previous example. Here an energy-dependant optical 
potential is be used and thus the potential parameters in the 
outgoing channel will be slightly different from those in the 
incoming channel. Also RCO is now specified, so a point and 
uniform sphere Coulomb potential is used. The ANGLEMIN and 
ANGLEMAX specifications of the SAVEHS job will also be used in this 
job, but they could be changed here if desired. Note the small 
REGION size that may be used for USEHS's runs. 

//EXAMPLE5 JOB (F12345,2 , 0 ,2) ,CLASS=C,REGI0N = 170K 
account card 

// EXEC PTOLEMY 
//MYKEEP DD DSN=B21541.SPEAKEZ.DATA,DISP=OLD 
//FT01F001 DD DSN=C109.PIEPER.EXAMPLE4,DISP=SHR 
HEADEE: EXAMPLE 5 - TRANSFER USING BOTH USEHS AND KEEP 
USEHS 
$ NOTE ABSENCE OF REACTION, GRID AND BOUND STATE 
$ DEFINITIONS. 
INCOMING 
V = 51.09 VI = 51.46 
EO = 1 .653 ROE = - . 4 7 1 E - 2 EOESQ = . 1 0 9 E - 4 
A = - . 6 5 1 AE = . 0 1 5 4 6 AESQ = - . 4 2 4 7 E - 4 
AI = - . 6 2 9 AIE = . 0 1 4 1 6 AIESQ = - . 3 6 9 E - 4 
ECO = 1.3 

OUTGOING 
t 

KEEP CEOSSSEC FIIB 
RETURN 

$ 
$ 
$ 
$ 

FIT 
FIT 
FIT 
FIT 

B 
B 
B 
B 



104 

Distribution for ANL-76-11 Rev. 1 

Internal: 

B. Ancker-Johnson ^' ^- Royston 
G. T. Garvey S. C Pieper (82) 
M. Peshkin ANL Contract File 
J. P. Schlffer ANL Libraries (5) 
K. M. Pemble TIS Files (6) 

External: 

DOE-TIC, for distribution per UC-32 (203) 
Manager, Chicago Operations Office 
Chief, Chicago Patent Group 
President, Argonne Universities Association 
Physics Division Review Committee: 
B. Bederson, New York U. 
D. A. Bromley, Yale U. 
W. L. Brown, Bell Telephone Labs. 
R. Middleton, U. Pennsylvania 
D. E. Nagle, Los Alamos Scientific Lab. 
J. W. Negele, Massachusetts Inst. Technology 
H. B. Willard, Case Western Reserve U. 

-tr U.S. GOVERNMENT PRINTING OFFICE: 1977 750-133/33 



ARGONNE NATIONAL LAB WEST 


